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Indeed, in the creation of the heavens and the earth, 

in the alternation of the night and the day, and the [great] ships which sail 

through the sea with that which benefits people, and what Allah has sent 

down from the heavens of rain, giving life thereby to the earth after its 

lifelessness and dispersing therein every [kind of] moving creature, And 

[His] directing of the winds and the clouds controlled between the heaven 

and the earth are signs for a people who use reason" 

 

(Qur'an 2:164) 

 

 

  



 

 

Narrated Abu Darda ́ : 

The Prophet said, 

"If anyone travels on a road in search of knowledge, Allah will cause him to 

travel on one of the roads of paradise. The angels will lower their wings in 

their great pleasure with one who seeks knowledge, the inhabitants of the 

Earth and the fish in the deep waters will ask forgiveness for the learned 

man. The superiority of the learned man over the worshiper is like that of 

the moon, on the night when it is full, over the rest of the stars. The learned 

are the heirs of the Prophets, and the Prophets leave neither dinar nor 

dirham, leaving only knowledge, and he who takes it takes a big fortune." 

(Related by Abu Dawud and Tirmithi) 
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Abstract  

The aim of this study is to design sensitive and selective electrochemical sensing 

platform for drugs analysis. For achieving the desired sensitivity the glassy carbon 

electrode (GCE) was modified with nanomaterials possessing useful physico-chemical 

properties. The GCE was fabricated with multi-walled carbon nanotubes (MWCNTs), 

their combination with graphene/carbon quantum dots (GQDs/CQDs) and metal/metal 

oxide nanoparticles (NPs). Four types of electrochemical sensors designated as a) NH2-

fMWCNTs/GCE, b) NH2-fMWCNTs/ZnONPs/GQDs/GCE, c) CQDs/NH2-

fMWCNTs/AgNPs/GCE and d) NH2-fMWCNTs/TiO2NPs were developed and applied 

for the detection of Entacapone (ENP), Pimozide (PZ), Rilpivirne (RIL) and 

Nadifloxacin (NF), respectively. The modified electrodes were characterized by cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS) and scanning 

electron microscopy (SEM) armed with EDX analysis. Experimental conditions that 

could influence the electroanalytical response of the designed sensors were cautiously 

optimized. Moreover, new strategies for pharmaceutical analysis by the designed 

sensors were validated according to International Council for Harmonisation 

guidelines. The results showed that the NH2fMWCNT modified GCE could potentially 

be employed to monitor ENP with a limit of detection (LOD) of 1.45 1011 M, much 

better than the electrochemical sensors reported so for. The NH2-

fMWCNT/ZnONPs/GQDs modified GCE was found to sense PZ upto 1.02 1011 M 

under optimized conditions. Similarly CQDs/NH2-fMWCNT/AgNPs and NH2-

fMWCNT/TiO2NPs modified GCEs helped in the detection of RIL and NF with LOD 

values of 3.00 1011 M and 1.69 1010 M respectively. All the designed sensors were 

found applicable for the detection of the respective drug contents in biological samples 

and commercially available dosage forms. The measured content values were in good 

agreement with the claimed amounts. The obtained recovery results suggested anti-

interference ability of the designed sensors against endogenous substances and 

excipients, present in the biological samples and dosage forms. The presented 

methodologies provide advantages for the analysis of the respective drugs in terms of 

selectivity, sensitivity, responsiveness, reproducibility and recovery. Moreover, the 

proposed methods are reliable, environmentally friendly and cost-effective.      
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CHAPTER NO. 01 

Introduction 

 This chapter provides general information about different forms of sensors and 

specific information about nanomaterials based electrochemical sensors for 

pharmaceutical analysis. Moreover, it encompasses a brief introduction of the drugs 

investigated in this work. 

1.1 Significance of Pharmaceutical Analysis 

 Quality control is an important process of the pharmaceutical industry. Drugs 

must be marketed as safe as possible with therapeutically active formulations. In recent 

years, there has been remarkable advancement in the discovery, synthesis and sensitive 

analysis as well as methods for delivery of pharmaceutically dynamic compounds 

employed in the diagnosis, treatment and prevention of human maladies1. Amid the 

progress of a new drug molecule from the discovery phase to the commercial level, 

sensitive analysis plays an incredible role2. The biomedical and pharmaceutical analysis 

is among the most essential parts of electrochemical sensors3. The analysis of drug is 

fundamental in different phases of drug development and designing, such as stability 

testing, quality control, preclinical and clinical preliminaries4,5. All these analysis 

require reliable, rapid and sensitive analytical techniques so as to quantify drugs in 

formulated and pure forms and also in complex media, for example, biological fluids5 

with the objective of getting information that could contribute to the maximal safety 

and efficacy of drug therapy and utmost economy of the formulation of 

pharmaceuticals6. The expanded dimension of regulatory investigation under which the 

pharmaceutical industry ought to work has also fostered the continued progress of 

electroanalytical techniques4. Several techniques are used for the detection of drugs in 

biofluids and commercially available tablets such as high performance liquid 

chromatography (HPLC)7, chromatography, spectrophotometry8, liquid 

chromatography coupled with mass spectrometry9, capillary electrophoresis10,11 and 

HPLC coupled with UV/fluorescence detection12–14. However, researchers are 

interested to develop such techniques which could be portable, cost affordable and 
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should not demand highly skilled individuals for their operation. The objective is to 

devise a simple methodology for the fast detection of minute amounts of the drugs. In 

this regard electrochemical sensing platforms are the best options for drug detection as 

these do not necessitate any pre-treatment, simple to carry out with a fast response and 

can be made accessible for onsite investigations15,16. Among the electrochemical 

methods, voltammetry is an effective technique for electrochemical detection on 

account of its characteristic features such as simplicity, sensitivity, and selectivity17,18. 

Based on these considerations extensive research activities are currently focused on the 

fabrication of voltammetric sensing technologies. A brief introduction of these sensing 

devices is presented in the following sections. 

1.2 Sensors 

Analytical tools able to detect a chemical or a physical change in a property and 

convert it in to a measurable signal. Sensors are intended to sense and respond to an 

analyte in the solid, liquid or gaseous state19,20. Sensor are comprehensively classified 

into chemical and physical sensors. Further breakup can be seen in Fig. 1.1.  

 

Fig. 1.1 Sensors classification. 

 A chemical sensor is an analytical tool which responds to a target analyte in a 

specific way via a chemical reaction and can be employed for the quantitative and 

qualitative  measurements21. The role of chemical sensor is to give information about a 

chemical or physical event. As such chemical sensor is considered as the “eye” of the 

process control framework22. Physical sensors are actually sensitive to physical 

responses such as pressure temperature, force, magnetic field, etc. Physical sensors 
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receive an input as a physical change and give an output signal which is directly 

associated with the quantity of change being measured. The quality and quantity of 

output signal reply on the nature of the transducer23,24.  

1.3 Classification of Chemical Sensors 

Chemical sensors can be categorised into thermal, optical, magnetic and 

electrochemical sensors, on the basis of transducer type. The thermal or heat sensitive 

sensor uses the thermal effect produced by the particular adsorption process or chemical 

reaction25. The mass sensitive sensors relies upon the quality change induced by the 

particular surface modification of sensor. Mass sensitive sensors make utilization of the 

piezoelectric effect26. Optical sensor depends on the changes in optical phenomena due 

to interaction between the receiver and the analyte. Luminescence, reflectance and 

absorbance measurement are utilized in various kinds of optical sensors. These are 

further classified into proximity sensor and ambient light sensor (sensitive to light)27,28. 

Magnetic sensor depends on the magnetic properties 29 while the electrochemical sensor 

rely on the electrochemical impact due to oxidation/reduction of the target species at 

the electrode. Among the various kinds of chemical sensors, electrochemical sensors 

are of special interest, since, these can provide an on-site and real-time analytical 

information about the desired analyte without doing any harm to the host environment. 

Low cost, experimental simplicity and remarkable detectability are their attractive 

features. Moreover, these are extensively used in industrial, clinical, agricultural and 

environmental fields30–34. Among the electrochemical sensors nanosensors have 

attracted mounting consideration in the field of pharmaceutical analysis. Hence, the 

current work is based on the designing of nanoelectrochemical sensors for drug 

analysis. 

1.3.1 Electrochemical Sensors 

Electrochemical sensors include amperometric sensors and potentiometric 

sensors35,36. These are currently the leading probes for monitoring of pharmaceutical 

drugs. The schematics of an electrochemical sensor is presented in Fig. 1.2. 
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Fig. 1.2 Basic working principle of electrochemical sensors. 

It consists of an active sensing layer (receptor) which is capable of binding 

specifically to the target analyte and it may be nanoparticles (NPs), nanocomposites or 

biomolecules. Working principle of electrochemical sensor involves generation of a 

signal by receptor that is picked up by the transduction element which converts the 

chemical response in to an electronic signal which is then amplified, processed, 

recorded and displayed into definite forms. 

In electrochemical sensors, electrode itself can act as a sensor. However, its 

sensing performance can be improved by modification. The modifier must possess the 

ability of facilitating electronic transduction between the electrode and analyte. It 

should act as a bridge between the host and guest. An ideal modifier possess electrode 

anchoring and analyte sensing qualities37,38.  

1.4 Voltammetric Sensors 

These are types of electrochemical sensors in which current response is recorded 

as a function of the applied potential across the working electrode39. The analyte should 

be electroactive at the surface of the electrode at a specific value of potential at where 

neither electrolyte nor solvent decomposition could occur. Amperometric sensors are 

considered as a special class of voltammetric sensors where a specific value of potential 

is applied and current produced due to oxidation or reduction of the electroactive 

substance is registered as a function of time (chronoamperometry). The 

chronoamperometry can provide significant information regarding the fate of the 

analyte40,41. Common methods for characterization of voltammetric sensors are 

differential pulse voltammetry (DPV), CV and square wave voltammetry 6,42–44. 
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1.5 Chemically Modified Electrodes 

For enhancing the sensitivity, electrode is usually modified with different 

conducting or semiconducting nanomaterials. Electrode is usually modified with the 

particular recognition element either in solution or immobilizing the modifier over the 

surface by drop coating method. The modification of electrode can also be done by the 

development of covalent bond with the surface. The chemically modified electrodes 

(CMEs) can reduce the overvoltage which is the main requisite in voltammetric 

analysis45–49. The modified electrodes find applications in electrocatalysis and 

electrochromic tools fabrication. However, the most significant application of these 

electrodes is as analytical sensors for the sensing of targeted substances. Specific 

objectives of electrode modification is to improve the selectivity, sensitivity and 

responsiveness for electroanalytical applications. 

1.6 Nanomaterials for Sensing Applications 

  Nanomaterials have significantly improved the performance of sensors, energy 

storage and conversion devices, over the past decade. Nanomaterials are called as magic 

bullets and their interesting properties have led to fast progress of nanosensors. 

Nanomaterial-based electrochemical sensors are expanding their application horizon 

due to their tailorability for the desired application50,51. Nanomaterials are employed 

either as labels or as modifiers of the electrochemical transducers to increase the signal 

intensity52. 

Nowadays, because of the quick advancement of nanotechnology, different 

nanomaterials, including carbon nanotubes, nanoparticles (NPs) of semiconductors, 

metals and metal oxides, and their hybrids are employed in the advancement of 

electrochemical sensors. Fig. 1.3 demonstrations the schematics of the most essential 

nanomaterials used for biomedical and biological applications.  

The use of nanomaterials as electrode modifiers have received enormous 

consideration owing to their high surface to volume proportion. In this regards, carbon 

nanotubes (CNTs), CQDs and GQDs are the most important carbonaceous materials 

that have been explored in electrochemical sensors designing for their applications in 
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pharmaceutical analysis. These materials impart good conducting properties to the 

electrode. Such electrochemical nanosensors are viewed as the best sensors in 

environmental, biomedical and pharmaceutical analysis owing to their benign features 

and ability of providing high sensitivity to the electrode surface53–55.  

 

Fig. 1.3 Schematic demonstration of nanomaterials used as sensing materials for 

electrochemical sensor designing used in biomedical applications 

[Reprinted with permission from56]. 

1.6.1 Carbon Nanotubes Based Electrochemical Sensors 

Among the nanostructured materials different families of innovative carbon 

materials with distinctive electrochemical performances have been developed and 

recognized as valuable choices for electroanalysis57,58. CNTs have received extensive 

consideration in the development of biosensors59 and electrochemical sensors60. CNTs 

formed form sp2–hybridized carbon units organize into graphene sheets, roll up to build 

a hollow tube like structure as depicted in Fig. 1.4. Depending on the number of layers, 

CNTs structures are categorised into four categories (Fig. 1.5): single walled CNTs 

(SWCNTs), double walled CNTs (DWCNTs), triple walled CNTs (TWCNTs) and 

multiwalled CNTs (MWCNTs). In SWCNTs sp2 hybridized carbons in a hexagonal 

honeycomb like structure are rolled into a hollow tube morphology. In DWCNTs two 

tubes encircle each other. A TWCNTs can be formed as a DWCNT folded over a 

SWCNTs. In MWCNTs multiple concentric tubes encircle one another61–63. CNTs are 

prepared by laser ablation, vapor deposition and arc discharge chemical methods64. 

https://www.sciencedirect.com/topics/chemistry/nanomaterial
https://www.sciencedirect.com/topics/engineering/sensing-material
https://www.sciencedirect.com/topics/engineering/biomedical-application
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Fig. 1.4 Sheet of graphene rolled into SWCNT (a) and MWCNT (b)64. 

 

Fig. 1.5 Classification of carbon nanotubes [Reprinted with permission from65]. 

 

CNTs were first discovered by Iijima in 199166,67. These are used for electrode 

modification in electroanalysis because of their exceptional mechanical, chemical and 

electronic properties68,69. The tubes conductivity, as a result of their electronic 

properties, is imperative for the role of these remarkable nano-sized materials in 

electrochemistry. MWCNTs are viewed as metallic conductors, as their conductance is 

an alluring property for electrode modification57.  

The SWCNTs chirality is linked to the angle at which the graphene sheets roll 

up and the arrangement of the π-orbitals. CNTs are classified as zigzag, chiral and 

armchair (Fig.1.6), based upon the direction of molecule rolling and each form has different 
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electronic properties. Consequently, achiral and chiral zigzag tubes are semi-conducting 

while achiral in arm-chair configuration are metallic nanotubes70.  

 

Fig. 1.6 CNTs structures of armchair, zigzag and chiral configurations [Reprinted 

with permission from70]. 

CNTs-based electrodes have been accounted for several points of interest, such 

as enhanced heterogeneous electron transfer kinetics, minor surface fouling, and 

consequently diminished over-potential. Analytical techniques dependent on 

voltammetric stripping methods have also profited by the exclusive properties of CNTs-

immobilized electrodes, primarily due to the stronger adsorption of numerous organic 

species on CNTs than that of regular working electrode materials71,72. CNTs are closed 

structures that signify two well defined areas with noticeably unique properties, the cap 

and the tube (the sidewalls and tips), which are half-fullerene-like molecules with 

topological defects73(Fig. 1.7). Such molecules are basically pentagons in this scenario.  

 

Fig. 1.7 A carbon nanotube with closed ends69. 
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 Edge-plane-like graphite sites at the CNTs ends are responsible for 

electrocatalytic activities. MWCNTs have a sidewall structure like graphite basal plane 

of HOPG, and the open-end is like the edge plane of HOPG. Therefore, electron transfer 

kinetics like an edge-plane graphite electrode can be normal. The presence of 

pentagonal defects with charge density higher than those observed in region of 

hexagonal graphite, may either be in tubular or in planar structures, exhibiting 

relationship between electroactivity of CNTs and topological defects.  Compton's group 

suggested that edge-plane like positions located in the ''defects'' areas and at the end of 

the nanotube are responsible for the improved electrocatalytic activity of CNTs74. 

It has been shown that the electrocatalytic properties of MWCNTs depend on 

the fabrication mode of CNTs75. The rate of electron transfer with carbon electrodes is 

normally surface dependant, therefore, the electrocatalytic properties are affected by 

the electrode fabrication. The procedures of pre-treatment are commonly based on the 

oxidation of MWCNTs under various conditions. Acidic solutions have been broadly 

employed for the activation of MWCNTs. Modification of electrodes with MWCNTs 

which were pre-treated with the concentrated acids for opening the tubes and to make 

carboxylic groups (Fig. 1.8), demonstrated good catalytic activity towards the 

electrochemical oxidation.  

 

Fig. 1.8 Functionalisation of CNTs with strong acids [Reprinted with permission 

from74]. 
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 Other than enhancing the electron transfer kinetics, this kind of acidic treatment 

is done for eradicating metallic impurities. The chemical vapor deposition is one of the 

most commonly used strategy in commercial synthesis of CNTs within the context of 

metal catalysts, which are responsible for nanographitic, metallic and amorphous 

carbon-based impurities in CNTs. The electrochemical properties and redox reactions 

of a number of species on MWCNT-modified electrodes are significantly affected by 

these impurities75. Functionalized CNTs (fCNTs) have gained a growing attention of 

researchers due to their remarkable combination of chemical and physical properties 

and broad research endeavors are being done to use these unique nanomaterials for 

several implementations. This perspective has been highlighted in by delineating 

different types of functionalization of CNTs for use in biomedical applications.  

 Additionally, the catalytic properties are also affected by the dispersing agents 

which are used to deposit CNTs on the electrode surface. However, to get a 

homogenous dispersion in the regular solvents is one of the problems during the 

development of CNTs based sensors76. Therefore, carbon nanotubes first should be 

modified in order to get a homogenous dispersion, before their application for analytical 

analyses. The first phase in the modification of carbon nanotubes, with the objective of 

increasing their dispersion in different solvents, has already been attained upon 

purification of the CNTs as discussed above. The closures of MWCNTs, being ended 

in oxygenated species are hydrophilic, however the walls, which contain most of the 

nanotubes, are extremely hydrophobic. This hydrophobicity exhibits a challenge with 

regards to manipulating and dispersing CNTs to provide controlled modification of 

electrode surface. MWCNTs have a tendency to quickly coagulate in polar solvents or 

in aqueous solution. As a result, dispersion of CNTs are normally performed in non-

polar solvents, for example, dimethylformamide (DMF) and sometimes polymers or 

surfactants are also used as additive for dispersing of CNTs in their respective solvents. 

Using a CNTs/polymer nanocomposite is a smart approach of improving the film 

reproducibility and the adhesion properties. Since the poor adhesion of CNTs to the 

surface of an electrode and difficulty of dispersion in many solvents results in the 

conflicting catalytic response at the surface of an electrode. Therefore, the formation of 

hybrid nanocomposite materials, by mixing MWCNTs with different nanomaterials 
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having well-known electrochemical importance, has led to modified electrode surfaces 

that show distinct properties because of the synergistic impact from the individual 

components. Materials utilized in this regard generally include conducting polymers, 

surfactant, noble metal/metal oxide NPs and quantum dots, however composites with 

microparticles, cyclodextrines, or recently ionic liquids, have also been reported77–81.  

 CNTs are normally immobilized on the electrode surface through (mostly GCE) 

drop coating method or via abrasive deposition method (usually on pyrolytic graphite 

electrode)82–84. Furthermore, the unique optical and electronic characteristics of CNTs, 

along with their mechanically robust nature and small size, mark these nanomaterials 

essential for the advancement of upcoming biosensing platforms. Their small size, 

surface and interface effect can improve the performance parameters of nanosensors, 

such as stability, repeatability and sensitivity. Their appealing properties are due to their 

greater surface area that facilitates anchoring high concentration of receptors to the 

surface of the electrode. 

1.6.2 Graphene and Carbon Quantum dots Based Modification 

Graphene QDs are a sort of 0D materials with attributes of both carbon dots and 

graphene, which can be viewed as unfathomably little pieces of graphene85–88. These 

are one, two or few layer graphene sheets with horizontal dimensions lower than 100 

nm89–91. By changing over 2D graphene sheet into 0D GQDs show new marvels 

because of edge and quantum confinement effects, which are like to CDs88,92. Their 

conductivity, stable luminescence, low toxicity and good biocompatibility, are 

attractive features for the preparation of sensors dependent on GQDs93,94. When 

contrasted with other carbon nanomaterials, GQDs have greater number of –COOH 

groups, have better electrical conductivity and considerably smaller volume95,96. 

Moreover, exploiting the electrochemical properties analogous to graphene and carbon, 

GQDs and CDs are utilized as electrode materials97, in supercapacities98,99, fuel 

cells100,101 and electrochemical sensors102,103. GQDs and CDs are used for improving 

the electron transfer kinetics in electrochemical sensors104,105. Voltammetric sensors 

developed from the combination of QDs and carbon nanomaterials is opening up a 

thrilling area of research because of the selective, sensitive and biocompatible nature 
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of these materials. Owing to these characteristics in the current study, graphene and 

carbon quantum dots modified electrodes were used for pharmaceutical analysis. 

1.6.3 Silver Nanoparticles and CNTs Based Nanocomposites 

Silver nanoparticles (AgNPs) find use in bio/electrochemical sensors for 

biomedical applications. Selective and sensitive sensors based on AgNPs have emerged 

as useful diagnostic platforms for malady markers, infectious and biological agents106–

109. AgNPs are employed for surface modification of electrodes due to their  economical 

feasibility comparative to other metal nanopartlces and their potential of increasing the 

electron transfer kinetics110–112. Moreover, the catalytic activity of metal NPs rely up 

their surface morphologies and dispersity. MWCNTs are frequently viewed as useful 

lattices for the deposition of the dispersed nano-metal catalysts113,114. Porous structure 

of MWCNTs favour their utilization as supporting material for the new electrocatalytic 

materials preparation. Besides, uniform dispersion of metal NPs, their immobilization 

on the surface of CNTs can yield effective nanocatalysts for application in CMEs. Due 

to electrical conductivity of MWCNTs, electrons pass through CNTs between the 

dispersed metal NPs and electrode, where the electrocatalytic response takes place. In 

this way, electrocatalysis can be accomplished at these composite materials and much 

research activities are focused on using MWCNT as supporting substrates for the 

deposition of catalytically active metal NPs. Furthermore, electrochemical sensors have 

been reported that fuse distinctive metal NPs together with MWCNTs and QDs to form 

nanocomposites for electroanalytical detection115–118. AgNPs and their nanocomposites 

can effectively enhance the electrocatalytic activity comparative to their bulk 

counterpart.  

1.6.4 Metal Oxide Nanoparticles and CNTs Based Nanocomposites 

Over the previous decades, inorganic nanomaterials, for example, MnO2, CuO, 

NiO, TiO2, ZnO metal oxide NPs119–122, were considered for the development of 

chemical sensors. TiO2NPs and ZnONPs are particularly used as electrode materials 

owning to their unique properties, for example, thermal/chemical stability, 

electrocatalytic and photocatalytic activities, simple synthesis, commercial availability, 



 

13 
 

environmental friendliness and high stability in different solvents under photo-

irradiations123–126. Both NPs as a thin film possess many adsorption sites and inferable 

from this property, they could be used for certain materials deposition and enrichment 

at the electrode surface. These NPs can accelerate the rate of electron transfer for 

species which exhibit poor redox processes at the surface of unmodified 

electrodes127,128. Furthermore, the introduction of these NPs into biosensors and 

electrochemical sensors can reduce overpotentials of the redox responses of the 

analytes. In some cases these help in converting irreversible electrochemical process at 

bare electrodes reversible129. 

Recently, the use of nano-composites has emerged as the most appealing 

research area to integrate and combine the peculiar characteristics of each component. 

To improve electron transfer abilities of inorganic nanomaterials, endeavours have been 

made by modifying them or doping with CNTs, polymer and other metal/metal oxide 

NPs for electrochemical detection purposes130–134. Immobilization of NPs to CNTs 

modified electrode has been found to improve the catalytic proficiency of numerous 

electrochemical processes. 

1.7 Drug investigated  

A number of drugs were investigated in the present work. Brief introduction of 

these drugs is presented in this section. The first investigated drug is Entacapone (ENP) 

which is a selective and reversible inhibitor of catechol-orto-methyltransferase COMT, 

utilized in the medication of Parkinson’s malady as an adjunct to carbidopa (CP) and 

levodopa (LP) therapy. ENP is absorbed after taking a single dose which includes 200 

mg ENP. Moreover, mean maximum plasma concentrations (Cmax) of 650–1559 

ng.mL1 (2.13 106 – 5.11 106 mol.L1) are normally reached at tmax of 0.70–1.82 

hours. The elimination of ENP is biphasic, with an elimination half-life of 1–2 hours 

135,136. The action mechanism of ENP is believed to occur via its ability of inhibiting 

COMT and altering the plasma pharmacokinetics of LP making it bioavailable for 

therapeutic effect137,138. 
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Electrochemical sensor was also prepared for the detection of Pimozide (PZ; 1-

{1-[4,4-bis(4-fluorophenyl)butyl]piperidin-4-yl}-2,3-dihydro-1H-1,3-benzodiazol-2-

one) which is an antipsychotic drug of diphenylbutylpiperidine class. This drug is 

primarily used to treat schizophrenia, but it is also effective in other psychotic and 

manic states. PZ is also used as a medicament in alleviating the specific signs and 

symptoms of serious schizophrenic illness however; it ought to be augmented with 

other antipsychotic drugs as an adjunctive treatment. It works by binding to the 

neurotransmitter receptors where they act to antagonize the endogenous ligands, 

including those of dopamine, norepinephrine, epinephrine, acetylcholine, serotonin, 

and histamine, and present a remarkable pharmacological profile for the drug. In 

addition, PZ has less potential for prompting hypotension and sedation as it has more 

particular dopamine receptor blocking activity than that of other neuroleptic agents139–

142. The expected concentration of PZ in the human serum samples after treatment with 

the recommended daily dose is in the therapeutic range of 15-20 ng.mL1 143. In 1976, 

it was reported that, the peak of this drug in the urinary excretion occurs in 2 to 6 hours 

after oral administration of 2 mg PZ, with approximately 45 % of the dose being 

recovered in the urine after 96 hours144. Treatment is started at 1 mg per dose, and the 

dosage is increased by 1 mg every 5 days; most patients require 7–16 mg per dose145. 

Because of its wide use, fast, effective, practical, and economical strategies required for 

investigation of PZ in biological fluids and dosage formulations are incumbent. 

Therefore, an electrochemical nanosensor was developed for PZ detection. 

  Electrochemical sensor was also designed for the electroanalysis of anti-HIV drug, 

Rilpivirine (TMC278{(4-[[4-[[4-[(1E)-2-cyanoethenyl]-2,6dimethylphenyl]amino]-2-

pyrimidinyl]amino]benzonitrile}146–148, Phase I and II clinical preliminaries have 

demonstrated that TMC278 diminishes viral load and keeps up low viral load levels 

with no infection bounce back in patients upto 48 weeks of treatment149. RIL is used 

either alone or in combination with other HIV drugs such as Tenofovir and 

Emtricitabine. RIL is used for the medication of HIV infection at relatively low oral 

dose of 25-75 mg/day149,150. RIL is effective for HIV treatment at 25 mg daily oral dose. 

It is reported that, cord blood RIL plasma concentration can be between 10.0 and 101.5 

ng.mL1. It is also reported that, 85% of drug is eliminated through feces (25% as pure 



 

15 
 

RIL) and 6.1% from the urine (almost exclusively as metabolites)150,151. In addition, 

overdose of RIL has been reported to cause vomiting, skin rash, liver problem, 

depression, fever and swelling of body parts152. In order to inhibit the adverse effects 

associated with a drug, analysis is very critical for checking the drug sample. So sensors 

are designed to prove the validity of pharmaceutical claims. 

Acne is an inflammatory skin disease experienced mostly by young adults and 

adolescents. Nadifloxacin (NF) is an antibiotic drug, which is a fluoroquinolone 

possessing broad-spectrum antibacterial activity. It is used in acne treatment with cream 

%1 (w/w). NF has potent activity toward Gram‐positive and Gram‐negative microbes. 

It also decreases the activities of topoisomerase II and topoisomerase IV. In literature, 

HPTLC technique has been reported for the quantification of NF from bulk and drug 

plasma153.  In one particular study LC method was applied for NF detection in pure 

drug and pharmaceutical dosage forms with UV detector at 237 nm154. In another study 

an immunosensor was designed for the detection of NF in chicken muscles with ELISA 

method155. Although an electrochemical method has been applied with cyclodextrin 

immobilzed carbon paste electrode for the analysis of NF156, however, carbon paste 

electrode suffers from some disadvantages such as low repeatability, requirement of 

new surface before every measurements, narrow linear concentration-response range 

and consequent lower limit of detection. Therefore, a sensitive, selective and rapid 

analysis method is very important for drug analysis with high precision and accuracy. 

1.8 Literature Review About the Electrochemical Sensors for Drugs   

Analysis 

The utilization of electroanalytical methods for the investigation of drugs 

substantially in the past few years157. Sun et al.158 designed a sensitive method based 

on MWCNT modified GCE for voltammetric determination of 10-

hydroxycamptothecin. 10-hydroxycamptothecin is a natural alkaloid having effective 

anti-tumor properties. The electrochemical signal of 10-hydroxycamptothecin at the 

MWCNT immobilized electrode was improved as compared to the electrochemical 

response at the bared GCE. At the designed sensor the LOD was found as 2.00 109 

M from the linearity of the plot in the range of 1.00  108 to 4.00  106 M. Similarly, 
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an electrochemical nanosensor based on MWCNT was designed by Dogan-Topal et 

al.159 for the selective and sensitive determination of antiviral drug valganciclovir. Here 

the linear concertation range was observed to be of 7.50 nM to 1.00 M, with low 

detection limit of 1.52 nM. In addition, the MWCNT/GCE was effectively applied for 

the detection of valganciclovir in its pharmaceutical dosage forms. In another study, 

MWCNT/GCE was used for the detection of, cetirizine dihydrochloride (an 

antihistamine drug) by Patil et al.160 The designed method possess a linear concertation 

range from 0.50 to 10.0M, with LOD of 70.7 nM. The designed electrochemical 

method was subjected to the selective and sensitive measurement of cetirizine 

dihydrochloride in its dosage form and urine samples. Additionally, MWCNT/GCE 

was utilized for the simultaneous measurement of caffeine and ascorbic acid by Gupta 

et al and his group161. The oxidation of caffeine and ascorbic acid at the modified 

electrode occurred at ∼1103 mV and ∼−10 mV at a lower potential, than that recorded 

(∼1402 mV and ∼202 mV) for their oxidation at the unmodified electrode. The 

modified GCE could be employed for the detection of caffeine and ascorbic acid in a 

concentration range of 10 to 500  106 M, respectively, while the LOD has been 

calculated to be 3.52 and 10.00nM respectively. GCE immobilized with MWCNT has 

also been utilized for the assay of antibacterial drug gemifloxacin by Jain Rajeev et 

al.162 Gemifloxacin is used as a therapeutic agent for treating respiratory problems; 

community-acquired Pneumonia, urinary tract infections and acute bacterial 

exacerbation of chronic bronchitis. The research group of Zhao et al163 used MWCNT 

as a recognition layer for the determination of four drugs caffeic acid, picoplatin, 

breviscapine and ferulic acid by cyclic and differential pulse voltammetry and obtained 

effective enhancements in terms of the sensitivity of analysis. The MWCNTs/GCE 

based electrochemical detection system was found to have a low detection limit, good 

precision and recovery in pharmaceuticals determination. Moreover, MWCNT 

modified GCE was applied for the determination of anti-cancer drug nilutamide in 

serum and tablet by Karthik et al.164 The method worked linearly in the concentration 

ranges of 0.01–21  106 M and 28–535  M with LOD of 0.20 n M. 

In the same streak of studies, Habibi and his group165 tried to improve the 

sensitivity of MWCNT/GCE with the help of NPs. In this regard, they proposed a 

https://www.sciencedirect.com/topics/chemistry/antineoplastic-agent
https://www.sciencedirect.com/topics/physics-and-astronomy/serums
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voltammetric sensor based on AgNPs/MWCNT/GCE to determine clonazepam. The 

nanocomposite immobilized electrode showed good electrocatalytic activity towards 

the reduction of clonazepam. Linear relationship was observed between concentration 

(from 5.00  108 to 2.50  106 M) and the cathodic peak current of clonazepam, with 

a LOD of 6.00  109 M. To check the performance of modified electrode in practical 

setting, the modified electrode was subjected to determine clonazepam in real samples. 

Same combination of NPs and MWCNT were used by Shahrokhain et al.166 for the 

determination of Isoxsuprine. Two oxidation peaks were observed at modified 

electrode surface for Isoxsuprine at potentials around 0.63 V (peak 1) and 0.82 V (peak 

2) in solution of pH 7.0 (BR buffer). The linear concentration ranges observed in this 

study were 0.04 to 5.00  106 M and 0.20 to 5.00  106 M, with LOD of 12  109 M 

and 60  109 M for peaks 1and 2, respectively. The AgNPs/MWCNT/GCE exhibited 

good reproducibility, high stability, sensitivity and a simple development procedure in 

response to Isoxsuprine. In another study, Ahmadi et al.167 tried the synthesized 11-

mercaptoundecanoyl hydrazinecarbothioamide coated AgNPs in combination with 

COOH-fMWCNTs/GCE for voltammetric determination of antiretroviral drug, 

nevirapine. The enhancement in the Ipa of nevirapine was observed on the modified 

GCE as compared to the unmodified GCE. The calibration plot was linear upto 50 nM 

to 21 M, with a LOD of 14 nM and LOQ of 46.70 nM. Another, electrochemical 

sensor based on AgNPs/sulfonated functionalized graphene modified GCE was 

designed by Zhai et al.168 for the simultaneous determination of two antibacterial drugs, 

metronidazole and chloramphenicol. The modified electrode exhibited good electro-

reduction towards metronidazole and chloramphenicol compared to unmodified GCE. 

The reduction peak current was directly proportional to 0.10 to 20.00  106 M 

metronidazole and 0.02 to 20.00  106 M chloramphenicol, with the LOD of 0.05 M 

and 0.01  M respectively. Moreover, the modified GCE was effectively use to 

simultaneous detection measurements of chloramphenicol and metronidazole in an 

aquatic sample. 

GCE immobilized with a sulfur-doped carbon-QDs incorporated with Fe2O3 

nanocomposite was fabricated by Muthusankar et al.169 for the analysis of antipsychotic 

drug, olanzapine. The S-CQDs/Fe2O3 modified GCE revealed good electrocatalytic 

https://www.sciencedirect.com/topics/chemistry/antiretroviral
https://www.sciencedirect.com/science/article/pii/S016773221832676X#!
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properties toward olanzapine oxidation and showed a sensitivity and LOD of about 

0.88  106A μM−1 cm−2 and 0.006  106 M respectively. Additional, the designed 

sensor was used for olanzapine detection in urine samples. Yang el al.170 proposed a 

voltammetric sensor based on thiol functional ferrocene derivative (Fc-SH) stabilizing 

Au NPs/carbon dots nanocomposite (Au/C NC) coupled with graphene modified GCE 

(Fc-S-Au/C NC/graphene/GCE) for the simultaneous detection of uric acid, ascorbic 

acid, acetaminophen and dopamine. The modified GCE resolved the oxidation peaks 

of dopamine, ascorbic acid, acetaminophen and uric acid with detection limits of 0.05, 

1.00, 0.10 and 0.12  106 M, respectively. The analytical feasibility of the Fc-S-Au/C 

NC/graphene modified GCE was evaluated using real samples. In the same way of 

studies, Chen et al.171 developed the poly(β-cyclodextrin)/CQDs immobilized GCE for 

the assay of uric acid, dopamine and tryptophan. At the surface of β-CD/CQDs/GCE 

well separated oxidation peaks were observed for dopamine- uric acid and uric acid-

tryptophan respectively, due to the synergistic impact of CQDs and β-CD. The 

analytical curves for dopamine, uric acid and tryptophan were found in the range of 4-

220, 0.3-200 and 5-270  106 M, respectively, with LOD of 0.14, 0.01, 0.16  106 M.  

Another electrochemical sensor based on Fe3O4/GQDs/f-MWCNT /GCE was 

designed by Arvand et al.16 for the sensing of progesterone (P4) in human serum and 

pharmaceutical dosage form. Besides these, many research groups have tried to enhance 

the sensitivity of MWCNT/GCE with the help of semiconducting metal oxide NPs. In 

this regard, Afsharmanesh et al.172 have reported a method based on ZnO/MWCNT 

nanocomposite for the detection of morphine over the concentration range of 0.10 to 

700  106 M, with the LOD of 0.06  106 M. The proposed sensor employed for 

detection of morphine in ampoule and urine sample. Similarly, Tashkhourian and his 

group173 employed ZnONPs/MWCNT based voltammetric sensor for the detection of 

naproxen. The IPa of naproxen was linearly related with concentration range of 1.00 to 

0.02 µM. The LOD was found as 2.30  107 M. The ZnONPs/MWCNT/GCE was 

applied for the voltammetric detection of naproxen in dosage forms. Arvand et al.174 

used NH2-fTiO2/MWCNT/GCE for the electrochemical detection of the atypical 

antipsychotic drug, olanzapine. The NH2-fTiO2/MWCNTs/GCE helped in the detection 

of 0.09  106 M for olanzapine. 

https://www.sciencedirect.com/topics/physics-and-astronomy/oxidation
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1.9 Aims and Objectives of the Present Study 

The main objective of the proposed research work is to attain the knowledge of 

substantial technological and scientific developments in the field of electrochemical 

sensors to analyse various substances of interest for clinical investigations As the 

traditional techniques are more costly, demand skilled technicians to operate and 

inconvenient for real-time investigations of drugs, so, development of nanocomposites 

based voltammetric sensors associated with cost affordability, high selectivity and 

sensitivity is the principle target of the present work. For the achievement of the 

targeted goals, the efforts led to the designing of effective electrochemical nanosensors 

for detection of Entacapone, Pimozide, Rilpivirine and Nadifloxacin. In the designing 

of sensing platform the following points were the focus of attention: 

 Modification of electrode surface for the designing of ultra-sensitive sensors 

that could respond to the minute concentration of drugs. 

 Optimization of different experimental parameters such as accumulation time, 

scan rate, pH, accumulation potential,  quantity of modifying agents and 

supporting electrolyte that could be suitable for the generation of an intense 

electrochemical signal of the drug-recognition layer binding event.  

 Validation of the designed electrochemical sensors in terms of; 

o Ability of detection 

o Selectivity; including interference study  

o Precision; including repeatability and reproducibility  

o Long term stability  

o Accuracy; applying the proposed sensors for the electrochemical 

analysis of the drugs in real samples and in pharmaceutical 

formulations.  
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CHAPTER NO. 02 

Theoretical Background of Experimental Techniques 

Electrochemistry is a tool to understand a chemical phenomenon related with 

charge transfer reactions. A charge transfer (CT) can take place heterogeneously on the 

electrode surface and homogeneously in solution. Two or more CT half reactions occur 

in opposite direction in order to maintain electrical neutrality. Redox processes occur 

at electrodes submerged in solution in an electrochemical cell. For the conduction of 

charges these electrodes are connected both internally (through ionic transport) and 

externally (through electric wire etc.) to the solution 175,176.   

Electrode reactions are heterogeneous and are highly affected by charge 

distribution around the interfacial region of electrode and solution177–179. Redox 

reactions involve transfer of electrons between atoms, molecules or ionic species and 

bring about a change in their oxidation states. These reactions, which are the outcome 

of the relocation of an electron between a conductive solution (electrolyte) and a 

metallic phase (electrode), are referred as electrode processes. For heterogeneous 

charge transfer, redox reactions occur in an electrochemical cell having an arrangement 

of different electrodes immersed in a solution of electroactive species180–183. 

There are two fundamental interfacial electrode processes which cause the flow 

of current in the electrochemical cell184,185. The one in which current flows across the 

electrified interface due to direct transfer of electric charges as a result of reduction or 

oxidation reactions at the counter and working electrode is designated as Faradaic 

process. Whilst, currents that are not related to any redox mechanism but are associated 

with re-organization of solvent dipoles, transport of electroactive species towards 

electrode and adsorption-desorption processes are known as non-Faradaic currents. 

Non-Faradaic currents are also referred as double-layer or “capacitive” currents, since 

these currents flow due to change in the electrode potential or adsorption process which 

in turn results in the reorganization of structured electrical double layer charges or cause 

dis (-charging) of electrode surface. Capacitive or non-Faradaic currents flow not only 

due to potential variation at the electrode surface, but can also flow even at constant 
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potentials due to alteration in the capacitance of electrode caused by a change in 

electrode surface area, adsorption-desorption processes or due to a change in 

temperature. The fundamental difference between Faradaic and non-Faradaic charge 

transfer could be easily comprehended by envisioning an electron flowing down the 

external circuit towards the electrode surface. There is just one of the two options 

(Faradaic and non-Faradaic) that this electron can avail upon reaching the electrode-

electrolyte interface. Either it can stay on the electrode surface and hence become a part 

of charging or non-Faradaic current by increasing the double layer charge or in contrast, 

this electron can depart from the electrode surface and transfer to some electroactive 

moiety in the solution, constituting a Faradaic current186–189. 

Faradaic current flows due to redox reactions on the surface of an electrode, 

which can act as a sink or source of electrons depending upon whether oxidation or 

reduction occurs on its surface. Application of an appropriate voltage to the electrode 

is the key parameter in driving the charge transfer (ET) reactions on its surface. This 

voltage furnishes electrical energy needed to transfer a charge. As electrons carry 

charge, therefore energy of electrons present within the Fermi level of the electrode 

could be tuned by the applied voltage. Fermi level (the highest occupied molecular 

orbit) is not having a fixed energy, rather it can be adjusted by application of electrical 

energy190. The rate and direction of electron transfer are controlled by the magnitude of 

potential applied. For electron transfer reaction there must be good overlapping of 

Fermi level of electrode and valence orbitals of the species. For oxidation or reduction 

reactions to befall, the potential of the electrode is varied externally to adjust the energy 

levels of the electrode, whilst energy levels of species in the solution remain unchanged. 

For reduction, electrode is provided with a negative potential which increases the 

energy of electrons in the Fermi level of the electrode and when this energy becomes 

sufficiently comparable to that of vacant energy orbital of species in the solution, 

electron is transferred from electrode to species in the solution that constitutes a 

reduction reaction. In contrast to it, when the potential of the electrode is scanned in the 

positive potentials, energy of electrons in the Fermi level of the electrode decreases and 

when this level is sufficiently lower than the energy level of reactant molecules in 
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solution, then electrons are transferred from species in solution toward the electrode 

resulting in an oxidation reaction. 

Electrode surface is purposely modified for enhancing the rate of ET reactions. 

Among the electrode modifiers nanomaterials are extensively used for getting enhanced 

current signals of the analytes. Therefore, in the current work nanomaterials modified 

electrochemical sensing platforms were developed for pharmaceutical applications. 

Voltammetric methods were selected for drugs analysis due to their high sensitivity, 

selectivity and fast responsiveness191. These techniques could be conveniently applied 

for the determination of blood levels, urinary excretion of medicine and metabolites 

following low doses. Moreover, mechanistic, kinetic and thermodynamic parameters 

can be determined using these techniques. In addition their ability to monitor multi-

analyte system have rendered these techniques a topic of potential interest in the 

research fields192. Cyclic voltammetry is useful for the interpretation of electrode 

processes and oxidation or reduction mechanisms. DPV is preferred for the detection 

of minute concentration of electroactive species in biological fluids and pharmaceutical 

dosage forms. Stripping voltammetry is liked because of its capacity to preconcentrate 

the analytes for ultrasensitive detection. Based on these considerations, we tested our 

designed sensors through cyclic, differential pulse and stripping voltammetric 

techniques. This chapter comprises of a brief overview of the theoretical facets of 

experimental techniques employed in the current work for the assay of selected 

pharmaceutical drugs. The background of these techniques is given in the subsequent 

sections. 

2.1 Cyclic Voltammetry 

In order to get a preliminary information about a new electrochemical system, 

cyclic voltammetry (CV) is always the analytical tool of first choice193.  In this context, 

CV is the most substantially employed electroanalytical method to get qualitative 

information about redox reactions. Being a versatile technique it can be used for the 

analysis of the fate of oxidation or reduction products. It is a convenient approach of 

probing the transport properties and mechanistic features of system under investigation. 

Moreover, cyclic voltammetry not only tenders quick identification and 
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characterization of electroactive species from their distinctive redox potentials, but also 

provides information about the number of electrons participating in the electrochemical 

reaction, thermodynamics of the electrode processes and heterogeneous electron 

kinetics194,195. Moreover, it helps in the evaluation of rate constants of coupled 

adsorption processes or chemical reactions. 

In CV, the potential (E) of working electrode (WE) is scanned linearly with the 

time between two potential values at a known sweep rate via a triangular potential 

waveform. This linear ramping of applied potential vs time is designated as scan rate 

(V/s). Initially, the electrode potential is seized at some constant potential E1, at which 

no electron transfer reaction occurs. Then the potential sweeps linearly to value E2 

(switching potential), at which the direction of scan is reversed reaching the starting 

potential (E1) as shown in Fig. 2.1A. The potential application between reference and 

working electrode leads to current measurement which is then plotted against the 

potential to obtain a cyclic voltammogram as depicted in Fig. 2.1 B. Forward scan leads 

to oxidation/reduction of the analyte while the reverse reaction occurs in the backward 

scan. When the potential of a redox couple present in a solution is less positive than 

that of the working electrode, the corresponding species may be oxidized and generate 

an anodic current. Additionally, on the return scan, as the WE turns out to be more 

negative as compared to the reduction potential of a redox species, gain of electron 

occurs to produce a cathodic current. According to IUPAC convection, cathodic 

currents are negative and anodic currents positive. Cyclic voltammograms display 

information about the ratio of peak currents, voltage separation of peak positions and 

relationship of Ip and EP with scan rate. These parameters could be further used to draw 

information about energetics (thermodynamics), kinetics of electrochemical reaction, 

mode of transport (diffusion or adsorption controlled)196 and nature of the redox 

processes (reversible, irreversible or quasi-reversible).  
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Fig. 2.1 (A) Triangular potential waveform of a cyclic process (B) The expected behaviour 

of a reversible redox couple197. 

2.1.1 Nature of Redox Reactions 

Natures of redox reactions for single electron transfer are given below: 

a) Reversible Process 

 In a reversible process, the analyte that is oxidized in forward scan is rapidly reduced 

in the reverse scan, thus, generating a reversible wave197. This suggests that during such 

kind of redox processes, both the reduced and oxidized species exchange their electrons 

rapidly with the electrode surface without any time lapse. Cyclic voltammograms of a 

reversible electrochemical process has the following characteristic features: 

 Ratio of cathodic and anodic peak currents is unity, i.e. Ipc/Ipa= 1. This could 

be elaborated based on the way that redox products of reversible electrochemical 

reactions are stable at least in the time frame of study and thus, don’t interact with the 

electrode surface. Therefore, almost the same amount of current flows in both forward 

and reverse scans. However, this ratio could be altered in the presence of follow up 

reactions or nucleation event if any 

 Peak potential or peak position (Epc or Epa) is independent of both the scan rate 

and the concentration. Some time, due to broad peaks, half peak potential, Ep1/2 is taken 

instead of Ep that is the potential at I = 0.5Ip and half-wave potential is linked to it as;  

 



 

25 
 

Ep1/2 = E 1/2 ± 28/n (mV) at 298 K     (2.1) 

+/- sign in the above equation shows oxidation / reduction process.  

 Separation between peak potentials (ΔEp) is not influenced by varying the scan 

rate and is associated to the number of electrons (n) involved in a reversible process by 

the following equation; 

ΔEp = Epa - Epc= 0.059/n V      (2.2) 

 However, presence of non-linear diffusional movements and finite solution 

resistance between reference and working electrodes may cause small increase in ΔEp 

value. 

 With scan rate Ip increases without shift in peak position. The dependence of 

both parameters on each other could be rationalized in terms of thickness of diffusion 

layer and the rate of potential scan. If potential is scanned slowly, then obviously it 

would take more time for recording a voltammogram. This potential scan rate also 

affects the thickness of diffusion layer around the electrode surface. In a fast potential 

scan, diffusion layer will develop substantially closer to the electrode surface in 

contrast to a slow scan. As a result, the flux or the charge transport of electroactive 

species towards the electrode surface will be significantly higher at higher scan rate 

than that of slow scans. Since magnitude of current flow is directly related to flux of 

the species to the electrode, consequently a higher current intensity is anticipated at 

higher scans. As in reversible redox processes, once the specie reaches the electrode 

surface, it rapidly transfers electron due to its higher reaction rate, thus, in this case 

limiting or rate determining step is diffusion of electroactive species which affects the 

current intensity, therefore diffusion coefficient becomes explicitly important for such 

reactions. Peak current expression for reversible redox reaction at 298 K that can be 

used for the determination of diffusion coefficient according to Randles-Sevcik 

equation.  

 

Ip = 2.69 x 105* n3/2 ACD1/2 ν1/2      (2.3) 
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 Here in this equation Ip symbolises the peak current in Ampere, A the area of 

electrode (cm2), ν the scan rate (V/s), , D the diffusion coefficient (cm2/s) n the number 

of electrons involved in redox reaction and C the concentration of redox probe 

(mole/cm3).  

b) Irreversible Processes 

In an irreversible process, peaks are widely separated. Their intensity is reduced in 

case of slow electron transfer. In such processes separation between oxidation-

reduction peaks remains more than 59/n mV. For totally irreversible systems, no peak 

appears in the reverse scan198. Irreversible systems are characterized by the following 

characteristic features: 

 Peak potential (Ep) in irreversible process shifts to higher potentials with scan rate. 

Ep =E0 + 2.303RT/αnF* log RTk0 /αnF + 2.303RT/αnF *log        (2.4) 

Where  = transfer coefficients, E° = formal potential (V), ko = standard 

heterogeneous rate constant (cm/s).  

 Peak potential not only shifts with scan rate but also depends on reaction rate 

constant. 

 Since rate of electron transfer is slow in this case, therefore applied voltage is 

incapable of generating equilibrium concentration around electrode surface as 

anticipated by Nernst equation. 

 Peak width is expressed as; 

 

Ep – Ep/2 = 1.857RT/αnF      (2.5) 

With the decrease of αn, the voltammogram of irreversible process becomes wider and 

drawn out. 
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 Peak current for such type of reaction is given by 

 

Ip = 2.99x105*n (na)1/2ACD1/21/2     (2.6) 

c) Quasi-reversible Processes  

In between reversible and irreversible processes, there is a third type of process 

called quasi-reversible. Peak can appear in a reverse scan but having less magnitude 

with respect to forward scan199. Quasi-reversible processes are characterized by 

following features; 

 Peak potential shifts towards negative potential with an increase of scan rate. 

 Peak broadening occurs with the increase of scan rate and it should be greater 

than 60 mV and less than 220 mV. 

 Both mass transfer and charge transfer processes control the current intensity. 

2.2. Differential Pulse Voltammetry  

DPV is of potential interest for researchers as it allows investigation of multi-

component analyte system with enhanced resolution and convenient quantification200. 

In DPV, small pulses of fixed amplitude superimposed on a linear potential ramp are 

applied as illustrated in Fig. 2.2. The resultant current is measured twice, once 

immediately before the pulse is applied and another at the end of pulse so that charging 

current could decay within this time. This current difference (I2-I1) is then recorded 

automatically by the instrument and is displayed in the form of differential pulse 

voltammogram which is a plot of differential current (ΔI) vs. potential pulse201,202. 

Every species is characterized by its distinct peak potentials. The following equation 

can be used for finding the peak potential; 

Ep = E1/2 - ∆E/2       (2.7) 

Half peak width is used to calculate number of electrons involved in redox reactions. 

W1/2 = 3.52RT/nF       (2.8) 
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DPV allows the detection of small amounts of the analytes. Another important 

application of DPV is to analyze a mixture of analytes with better peak resolution203 

for the species that have close redox potentials (peak separation of 50 mV can be 

measured).   

 

Fig. 2.2 Diagram showing parameters of differential pulse voltammetry204. 

Pulse amplitudes which are generally employed in DPV are typically in the 

range of 25-50 mV with a ѵ of 5 mV/s. However, larger pulse amplitudes lead to the 

broadening of peaks. For a reversible system, peak potential, Ep is equal/close to E1/2, 

while with the increase in irreversibility, Ep shifts away from E1/2, and peak gets 

broadened accompanied with a reduction in height. 

2.3 Electrochemical Impedance Spectroscopy (EIS) 

The hindrance offered by circuit elements to the flow of electrons offers 

information about the charge transduction behavior of electrode. Resistance is 

produced in direct current (DC) circuits only by one circuit element i.e. resistors. While 

in alternating current (AC) circuits which have a complex behavior, other circuit 

elements are also incorporated along with the resistor, such as inductor and capacitor 

that also resist electronic flow through the circuit. Thus, impedance represents total 

resistance offered by resistor and frequency dependent elements such as capacitor and 

inductor that involve much complex behavior and show a combined hindrance to the 

flow of current in AC circuits. Impedance is normally expressed in the term of a 
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complex number/quantity in which resistance is real component and combined 

inductance and capacitance represent imaginary component. It is shown as; 

𝑍 =
𝐸

𝐼
= 𝑍˳ expiϕ = 𝑍˳ (cosϕ +i sin ϕ)   (2.9) 

EIS is an analytical tool used for probing the ET kinetics, identification of 

diffusion-limited processes and study of electrochemical reactions as well as to monitor 

the surface features of modified electrodes205–208. The basic principle of impedance 

spectroscopy is depends on the application of small sinusoidal current or potential 

perturbations of fixed frequency and measurement of response along with phase 

shifts209,210. EIS is referred to be a non-destructive technique, since here impedance is 

measured using a small voltage excitation signals of 3-10 mV that does not much 

perturb the electrochemical system, hence reducing the possibility of errors, as a result, 

measured current response remains pseudo-linear. In a pseudo-linear system a 

sinusoidal applied voltage produces sinusoidal current of fixed frequency that is 

associated with a phase shift. 

2.3.1 Equivalent Circuits Based Analyses 

 In EIS, electrochemical cell system could be modelled by electronic simulation 

equipped in the autolab208. Here, electrolyte-electrode interface on which 

electrochemical reponse occurs is taken equivalent to an electronic circuit composed 

of a unique combination of circuit elements i.e. capacitors, resistors, and inductors210 . 

Each element of equivalent circuit model corresponds to some particular activity of 

electrochemical system and is assigned a specific physical meaning. Circuit 

components can be organized in different ways to give different electrical circuits208,211. 

Impedance data is interpreted with the help of these equivalent circuits. More than one 

equivalent circuits could be used to correlate or link the mechanistic properties of an 

electrochemical system with the impedance plot which could be further used to draw 

numerical information from the circuit model. Different kinds of circuit models have 

been used to estimate impedance parameters. However, the most commonly used and 

the simplest one is Randles circuit212 as shown in Fig. 2.3. The main elements of this 

circuit are Warburg element (Zw), double layer capacitance (Cd), charge transfer 
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resistance (Rct) and solution resistance (Rs). These components of circuit are 

orchestrated in such a way that Rs in series could link parallel to the Cdl and Rct be in 

series with Zw presented in Fig. 2.3. 

 

Fig. 2.3 Randles Circuit213. 

These circuit components could be equated to certain physical processes e.g. Rs 

accounts for uncompensated solution resistance between reference and WE, Rct 

represents charge transfer or polarization resistance at interface of electrolyte/electrode, 

Cd is the capacitance of double layer around electrode surface and Zw corresponds to 

Warburg impedance i.e. mass transfer constraints because of diffusional elements.   

2.3.2 Representation of Impedance Data 

2.3.2.1 Nyquist Plot  

Impedance expression (Z) is the sum of both imaginary and real components. If 

real impedance component is plotted on the x-axis with imaginary impedance 

component on the y-axis, the resultant complex impedance plot is designated as Cole-

Cole or Nyquist plot214 as shown in Fig. 2.4. It has two parts, a semicircle portion at 

higher frequencies that relates to electron-transfer limited process and a straight line at 

lower frequencies that corresponds to diffusional-limited process215,216. Semicircle 

diameter is equivalent to Rct. A large semi-circle diameter is accustomed to show 

reactions with large charge transfer resistance and subsequently a slow electron transfer 

rate. However, reactions with fast electron transfer rate are characterized by almost 

linear or straight line. Impedance at higher frequency represents the solution resistance 
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Rs (point where semicircle cuts the x-axis on the extreme left end of the semicircle) as 

in Fig 2.4 and total impedance is the sum of Rs + Rct and at the apex of semicircle 

frequency is ω = CdlRct. Rs and Rc resistance are simply estimated from the Nyquist 

plot. 

 

Fig. 2.4 Nyquist Plot217. 

 

2.4 Physical Characterization Methods 

Electrochemical sensors are also characterized by the following techniques.  

2.4.1 Scanning Electron Microscopy  

SEM is a powerful technique in the analysis and investigation of the 

morphology of a specimen over a wide range of magnification. It can give useful 

information related to shape and size of the materials and also useful to study porosity.  

The basic components of the SEM are the electron gun, lens system, visual and 

recording cathode rays tubes, high vacuum, electron collector and the electronics 

associated with them.  In SEM, a finely focused electrons beam is impinged on the area 

of sample to be analyzed to attain information about the composition and surface 

topography of the specimen. Different kinds of electrons are produced from the beam 

such as backscattered electrons, Auger electrons, secondary electrons, and 

characteristic X-rays which are used to measure the characteristics of the specimen. For 
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complementary analysis, the microscope is equipped with energy–dispersive X-ray 

spectroscopy218,219. The basic principle of scanning microscope is depicted in Fig. 2.5.  

A beam of electron is produced by suitable source normally a tungsten fılament 

or a field emission gun.  The high voltage (5 to 30KV) is used to accelerate the electrons 

beam. For surface magnification of specimen and to obtain clear images, a probe-

forming optical column is employed to centre beam of electron on a finely centred spot. 

The strengthened spot at that point creates electron deflections which give complete 

information to the analyzer. Magnetic lenses are present around the electron column, 

which are used to protrude electron beam image onto the sample. Then the electron 

beam illuminated by the electron gun passes through a system of condenser lenses 

which focus the electrons beam to a spot around 50-100Å in diameter. In SEM, the 

primary signal of interest is emission of secondary electrons which are emitted as a 

result of the beam interaction with the atomic structure of the sample. The secondary 

electron possess less energy as compared to the backscattered electron and useful in 

generating topographic imagery of a specimen. These electrons are produced along all 

the electrons in the specimen; though, just the secondary electrons present in the top 

few nanometres of the specimen surface can get away. Intrinsically, just these electrons 

are discharged and recognized by the secondary electron detector. The secondary 

electrons are very sensitive to the curvatures present in the specimen. The backscattered 

electrons are mostly employed to get information about the specimen composition. The 

backscattered electrons are scattered from the specimen with minimum loss of energy 

and capable to penetrate at more depth inside the sample. This is the beam of electrons 

which undergoes interaction with nuclei of atoms in the analyte. The production of 

electron from the deflection of the material relies on the atomic number of the sample. 

In this way, they provide an approach to assess the components present in the specimen. 

As, secondary electrons emission, the backscattered electrons emission are also 

influenced by the surface angle. The detector detects various electrons generated from 

different angle on the surface and a topographic image can be created. But the 

topographic image obtained through backscattered electrons emission has a poor 

resolution compared to image by secondary electrons emission220–222. 
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In SEM, electron beam is used instead of optical waves, to obtain smaller 

wavelength which can be controlled through voltage employed to accelerate the 

electron. In addition, poor conductive samples are coated with conductive layer to get 

a good micrograph. SEM finds use in various fields ranging from chemistry to 

engineering, particularly where characterization of solid specimen is advantageous. In 

addition to morphological, surface topographical and composition, the SEM provides 

information about the surface fractures, surface contamination, show spatial changes in 

chemical composition, give qualitative chemical studies and identify crystalline 

structures223–226. It can be as basic research tool in various fields, for example, biology, 

medical, metallurgy and forensic science227–229. Today, scientists everywhere 

throughout the world depend on SEM for exact visual information.  

 

Fig. 2.5 Schematics of scanning electron microscopy230. 
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2.4.2 Energy–dispersive X-ray Spectroscopy  

EDXS is another important technique for materials characterization. Normally, 

SEM is armed with EDX which helps to identify particular elements and their relative 

proportions present in a sample. When an electrons beam is bombarded on the surface 

of sample, several kinds of electron emission are occurred such as secondary and 

backscattered electron emission. Auger electrons and characteristic X-rays, emitted 

from the sample as the result of movement of electron within the atom, is significant in 

EDXS analysis231.  

For identification of elements, EDXS employs pulse height analysis in which a 

detector produces pulses to the specimen proportional in height to the energy of 

characteristic X-ray. Characteristic X-rays, generated as the result of electronic 

transitions because of pulses, produce ionization in the detector which actuates an 

electrical charge. A multichannel pulse-height analyzer helps to amplify these charges 

and converts them into a spectrum as the number of occurrences (counts) by energy 

height232–234. The calibration of this energy height can be done with reference to known 

X-ray lines and delegated certain elements. An example of this is presented in Fig. 2.6. 

Each element has a specific atomic structure giving a specific peak in the emission 

spectrum.  

 

Fig. 2.6 Typical EDX spectrum of the mineral crust of the vent shrimp Rimicaris    

exculpate235. 
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     CHAPTER NO. 03 

EXPERIMENTAL 

This chapter gives a brief description of the materials utilized in the 

investigations and explains the procedures of electrode modification for the analysis of 

different drugs. It additionally gives an idea of the general protocol for the study of drug 

content in tablet formulations and furthermore in the samples of human urine and 

serum. The instrument employed throughout this study are also discussed in this 

chapter.   

3.1 INSTRUMNETATION  

The details of instrument specifications used for the characterization and 

electrochemical measurements are given here: 

3.1.1   Potentiostat/Galvanostat 

The voltammetric experiments i.e., CV, DPV, adsorptive stripping DPV 

(AdSDPV) and EIS were conducted using a AUTOLAB-PGSTAT100N (Eco Chemie, 

Utrecht, The Netherlands) electrochemical analyzer controlled by NOVA 2.11 software 

(Fig. 3.1). 

 

Fig. 3.1 Metrohm Autolab. 
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The voltammetric experiments (for Pimozide, Nadifloxacin) were performed 

with a PalmSens (Fig. 3.2) running with PSTrace 5.3 software.  

 

Fig. 3.2 PalmSens. 

 Experiments were performed in a double walled electrochemical cell (EC) 

model K64 PARC. The cell top consisted of a replaceable self-mounting plastic cap 

with five standard taper ports; three of them are used for inclusion of electrodes and the 

rest of two functioned as outlet and inlet for Argon and/or nitrogen gas etc. The 

electrochemical cell was additionally coupled with thermostat (LAUDA model K-4R) 

via side opening so as to keep the temperature constant all through the estimations. The 

volume limit of electrochemical cell utilized was 20 mL64,236,237.  Three electrode setup 

consisting of a reference electrode (RE), a WE, and a counter electrode (CE) were used 

to perform the electrochemical experiments as illustrated in Fig. 3.3. The WE is a 

preferably polarizable electrode, which displays a huge fluctuations in potential when 

an infinitesimally small current flows through. WE is an important component in an 

electrochemical setup on which the response of intrigue is occurring. It can work both 

as anode or cathode depending upon whether reduction or oxidation is taking place at 

its surface respectively. 

Gold and platinum are the most generally utilized metallic solid electrodes238. 

These metals are machined effectively, acquired in high purity and designed promptly 

into an assortment of geometric shaped such as rods, wires, woven gauzes and flat 

sheets. Pt has acutely limited overpotentials for hydrogen evolution (HE), which is the 

reason for its utilization in the development of reversible hydrogen electrodes. Au has 

an essentially greater overpotential, however it is significantly lower than that for Hg. 



 

37 
 

Pt further adsorbs hydrogen promptly and the quantity of adsorbed hydrogen can be 

utilized to calculate the accurate surface area of Pt. Au does not considerably adsorbed 

hydrogen and this factor together with its substantial overpotentail for HE makes Au 

the metal of choice for the investigation of cathodic procedure239. Hg electrode is a 

liquid electrode and can be utilized in streaming or dropping configurations that are 

inconceivable with solid electrodes. The streaming or dropping mercury electrode have 

an advantage of giving a ceaselessly renewed surface, which limits the impacts from 

adsorption of solution polluting influences or fouling of the electrode surface via films 

generated in the electrode response. Additionally, the surface is continuous and smooth 

and does not require the polishing and pretreatment that is normal with solid electrodes. 

The benefits of large overpotentail for HE and liquid surface make Hg the material of 

choice for cathodic measurements. Hg is promptly oxidized, especially in nearness of 

anions that complex or precipitate Hg (I) or Hg (II) ions, for example, the cyanide, 

halides, hydroxide and thiocyanate or thiosulfate. For this reason Hg is rarely used to 

ponder anodic processes240–242.   

Carbon due to its inertness, is applicable for both reduction and oxidation in both 

aqueous and nonaqueous solutions. A few unique types of carbon have been utilized to 

make attractive electrode including spectroscopic-grade graphite (generally 

impregnated paraffin wax or ceresin), pyrolytic graphite (a high density exceedingly 

oriented type of graphite), carbon paste (spectroscopic-grade graphite mulled in 

adequate Nujol to shape a thick paste), graphite diffused in silicone rubber or epoxy 

resin and glassy carbon243. The GCE with active surface area of 0.071 cm2 was 

employed as a WE for voltammetric analysis of drugs in the present work. In 1962, 

glassy carbon (GC) was suggested as an electrode material. GC is a gas impermeable 

and electrically conductive material, accessible in pure form and highly impervious to 

chemical assault. The advantages of using GCE as working electrode can be counted as 

its pretreatment by cleaning with metallographic paper, low cost, large overpotentail 

for generation of H2 and dissolved O2, enhanced reversibility for numerous redox 

couples and responses that include resulting proton transfer. Additionally, GC has a 

particular superiority in the detection of trace metals through stripping 

voltammetry46,239,244. In the current research work, bare GCE was modified with 
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different nanomaterials and then these modified electrodes were further used as WE’s 

for voltammetric analysis of drugs. 

RE is a nonpolarizable electrode which has a well-poised and stable potential. 

Standard hydrogen electrode (SHE), calomel electrode, Ag/AgCl electrode etc., are 

most commonly used reference electrodes245. In this work Ag/AgCl immersed in 3M 

KCl solution were employed as a RE. The counter or auxiliary electrode is a current 

conducting electrode. In voltammetric investigation the current passes between the 

auxiliary electrode (AE) and WE. If an electrode system consist of only two electrodes 

such as reference and WE, then current move through the RE will produce a variation 

in its potential. Therefore, a three electrode setup, consolidating a third electrode known 

as the AE or CE is required. The fundamental conditions for an electrode to work as 

AE is that it ought not to dissolve in the medium of the EC and that the product reaction 

at the AE ought not to respond at the WE. The area of AE should also be bigger as 

compared to WE to certify that the electrode area does not monitor the limiting current. 

Pt electrodes in shape of thin foils or coils are the most generally employed AEs in 

molten salt, aqueous and nonaqueous media246. In the current research work, platinum 

wire were employed as a counter electrodes. 

 

Fig. 3.3 A conventional electrochemical cell setup. 
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3.1.2 pH Meter 

For making solutions of different pH, SevenCompact™ S220 pH meter was 

used as illustrated in Fig. 3.4. 

 
 

Fig. 3.4 pH meter SevenCompact™ S220. 

 

3.1.3 Scanning Electron Microscopy (SEM) and EDX analysis 

The SEM was used to analyse the surface morphology of the modified and 

unmodified electrode. For elemental analysis EDX technique was employed. Scanning 

electron microscopic images and EDX spectra were obtained using ZEISS EVO 40 

(Merlin, Carl Zeiss) as shown in Fig.3.5.  

 

 

Fig. 3.5 ZEISS EVO 40. 
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3.2 Reagents and Chemicals 

Analytical grade reagents were used without any purification. Acetic acid, 

sodium acetate, phosphoric acid (> 85%), potassium phosphate, methanol (99.8%), 

sodium hydroxide, sulphuric acid (99.99%), acetonitrile, dimethyl sulfoxide (DMSO) 

(≥99%), and carbon quantum dots (≥0.2% in water, λem =450-550nm and quantum 

efficiency >5 %) were purchased from Sigma-Aldrich. NH2-fMWCNT, COOH-

fMWCNT, Graphene quantum dots (GQDs) were provided as suspension in water, Ni 

nanowires, CdSeQDs, TiO2, AuNPs, and PtNPs were purchased from DropSens 

Metrohm, Turkey. ZnONPs, Tween 20, and polyethylene glycol were purchased from 

Sigma Aldrich. AgNPs was supplied by NanoCS®. DMF were purchased from Merck. 

The drug free human serum was supplied from Sigma-Aldrich and urine sample was 

collected from healthy volunteer. Ultrapure water and bi-distilled water were utilized 

for the preparation of all solutions throughout the experiment. The standard reference 

compound, Entacapone and its pharmaceutical tablet dosage form were generously 

provided by ILKO Pharmaceuticals, Turkey. Pimozide and its pharmaceutical tablet 

dosage form were generously provided by Sanofi Pharmaceuticals, Istanbul, Turkey. 

Rilpivirne and its pharmaceutical tablets dosage form was provided by Johnson and 

Johnson (Istanbul, Turkey). Nadifloxacin and its pharmaceutical cream formulation 

form (Nadixa) were generously supplied by ADEKA.  

3.3 Modification of GCE for pharmaceutical analysis  

Before using the WE, the GCE surface was polished sequentially using Al2O3 

slurry (of 0.05 µm) and rinsed with ultrapure water and ethanol in ultrasonic bath. Then 

pursued by drying at room temperature. The procedures adopted for the modification 

of GCE are explained in the subsequent sections: 

3.3.1 Preparation of NH2-fMWCNT Modified GCE for Entacapone (ENP) 

  fMWCNT were commonly insoluble in common solvents; in this way the key 

step was to disperse insoluble fMWCNT in appropriate solvents to record the 

electrochemical measurements by employing the fMWCNT modified GCEs.  

However, DMF was found to easily disperse fMWCNT. The 1 mg.mL1 concentration 
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of fMWCNT was prepared in DMF with the aid of ultrasonication for 2 hours, 

resulting in the formation of a uniform black suspension. Different amounts of the 

resulting 1 mg.mL1 of NH2-fMWCNT dispersion were carefully dropped onto the 

surface of the pre-cleaned GCE. Subsequently, the modified GCE was allowed to dry 

in a vacuum oven at a temperature of 45 ºC. The dried NH2-fMWCNT/GCE was then 

used for the detection of ENP.  

3.3.2 Preparation of NH2-fMWCNT/ZnONPs/GQDs/GCE for Pimozide (PZ) 

1 mg.mL1 suspension of NH2-fMWCNT and 1 mg.mL1 suspension of 

ZnONPs were prepared by ultrasonication for 2 hours in DMF, separately. GQDs was 

already in suspension form. Specific amount (10 µL) of the NH2-fMWCNT (1mg.mL1) 

was carefully drop onto the polished electrode followed by vacuum drying. This was 

followed by a layer-by-layer casting of 5 µL ZnONPs and 5 µL GQDs in a sequence 

on NH2-fMWCNT/GCE surface and allowing it to dry in vacuum. NH2-

fMWCNT/ZnONPs/GQDs/GCE was thus obtained. 

3.3.3 Preparation of the CQDs/NH2-fMWCNT/AgNPs/GCE for Rilpivirne  

An aliquot of 5 µL of CQDs solution was pipetted on GCE and vacuum dried 

for 10 min to obtain CQDs/GCE. After that 5 µL of NH2-fMWCNT (1 mg.mL1) was 

applied on the CQDs/GCE by drop casting method and dried. The CQDs/NH2-

fMWCNT/AgNPs/GCE was fabricated by casting 5 µL of AgNPs solution over 

CQDs/NH2-fMWCNT/GCE surface and dried in vacuum. Further studies were then 

performed with the as prepared CQDs /NH2-fMWCNT/GCE.  

3.3.4 Preparation of NH2-fMWCNT/TiO2NPs/GCE for Nadifloxacin (NF) 

The NH2-fMWCNT/TiO2NPs suspension were prepared by dispersing 1 mg of 

NH2-fMWCNT into 1 mg.mL1 of TiO2NPs DMF solution through ultrasonication for 

1 hour to get a homogenous and stable suspension. Then polished GCE was modified 

with an adequate quantity of the resulting NH2-fMWCNT/TiO2NPs suspension and 

followed by vacuum drying to get NH2-fMWCNT/TiO2NPs modified electrode.  
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Scheme 3.1 Electrochemical sensor fabrication. 

3.4 Preparation of the Drug Solutions 

1.0  103 M solution of ENP was prepared as stock solution in methanol, for 

this 30.5 mg of ENP was added into 0.1 L volumetric flask and made upto the mark. 

Similarly, 1.0  103 M stock solution was prepared for PZ in methanol. For preparing 

1.0  103 M solution of RIL (as stock) 0.0366 g of RIL was dissolved in 0.1 L of 

DMSO. The 0. 0360 g of NF was dissolved in 0.1 L of ethanol in order to prepare 1.0 

 103 M. All stock solutions were diluted with supporting electrolyte to the desired 

concentration of analysis. 

3.5 Buffer /Supporting Electrolyte Solutions 

The supporting electrolyte (SE) is an electrolyte having chemical species which 

are electrochemically inert within applied potential range, usually its concentration is 

10 times or 100 times more than the analyte concentration. They have admirable ionic 

strength and electrically more conductive than that of analyte study. The inertness 

implied here is the capacity to evade reduction or oxidation at the WE over the span of 

electrochemical studies. 

SE has three main functions. In the first place, it conveys a large portion of the 

ionic current of the cell since its concentration is greater as compared to the added 

analyte. Hence it helps in completing the EC circuit and keeping the cell resistance at a 
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limited esteem. It is important for non-equilibrium electroanalytical studies, in which 

the current that pass is not negligible. Secondly, it retains a constant ionic strength. This 

is significant in light of the fact that the structure of the interphase area ought not to 

change essentially if a response takes place there. A constant structure is generated on 

the electrolyte side by the addition of a large excess of a dormant salt. The maintenance 

of a reproducible or consistent structure of the interphase is fundamental for both non-

equilibrium and equilibrium measurements equally, meanwhile the interphase structure 

influences the majority of the electrical properties quantifiable by an external electrical 

circuit. Thirdly, it stifles the impact of the migration current. The current produced due 

to the transport of ions under the influence of an electric field is called migration current 

(MC). This electric field is produce as a result of the potential contrast between the WE 

and AE of the electrochemical cell. This movement of charge can be identified as a 

current, the MC. The net MC observed is decreased by the presence of an excessive 

concentration of ions that are not electro-active at the potentials being used, because 

they can convey an ionic current without allowing their transformation into electronic 

current at the surface of electrode247,248. 

Potassium chloride is most commonly employed SE salt due to two reasons. 

First and the most imperative, potassium chloride is easily accessible in pure form. 

Additionally the mobility of the K+ and Cl- is precisely equivalent. Potassium nitrate is 

an elective when chloride can't be utilized; the mobilities of nitrate and K+ ions are 

likewise comparable. Buffer solutions, tetra alkyl ammonium salts, etc. are also 

employed as supporting electrolytes249–251.  For this purpose, different buffer solutions 

such as phosphate (pH 2.0; 3.0; 6.0–8.0) and acetate (pH 3.7–5.7) were used as 

supporting electrolytes. 0.1 M H2SO4 (pH 1) and 0.5 M H2SO4 (pH 0.5) solutions were 

also used as the supporting electrolyte. All buffer solutions were made in ultrapure 

water. 

3.6 Voltammetric Analysis of Pharmaceuticals  

Voltammetric studies were performed in Autolab /Palm Sens electrochemical 

analyzer with a three electrode system. Required volume of the stock solution was  
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transferred to the EC containing 8 mL of SE and the total volume of the working 

solution was made to 10 mL using solvent (in which drug was dissolved such as 

methanol/DMSO/ethanol) to avoid the solubility problem. Voltammograms were 

recorded and the oxidation peak current of the drug was measured.  

The fabricated electrodes were activated in the solution of supporting electrolyte 

by successive cyclic voltammetric sweep between potential range of 0.0 and 1.7 V until 

stable voltammograms. When current became constant, a specific amount of the analyst 

standard solution was transferred into the EC and DPV’s/CV’s were recorded. 

Electrochemical cleaning of modified electrode was done prior to each measurement to 

remove the adsorbed compound through CV between 0 and 1.7 V potential range 

(number of scans was optimized for each studies) in the solution of supporting 

electrolyte. 

3.7 Preparation and Analysis of Pharmaceutical dosage forms 

3.7.1  Entacapone dosage form - Comtan®  

Ten Comtan® tablets were weighted and grinded in mortar and pestle in order 

to obtain fine powdered sample. A portion equivalent to make 1.0  103 M stock 

solution was precisely weighed (53.57 mg) and dissolved in 50.0 mL ultra-pure water. 

The solution was further diluted with the chose SE to prepare the different working 

solutions. 

3.7.2 Pimozide dosage form - Nörofren® 

The average weight of ten tablets (Nörofren®) were determined and then 

grinded into a homogenized powder. Equivalent amount of powder was accurately 

weighed and added in methanol to make a concentration of 1 mM PZ. Further solutions 

were made every day by accurate dilution with the chose SE. Subsequently, DPV 

measurements were conducted.  
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3.7.3 Rilpivirne dosage form - Edurant® 

For analysis of the drug tablets, five tablets of Edurant® (each tablet containing 

25.0 mg RIL) were weighted accurately and powdered in a mortar. A portion of this 

fine powder containing 84.03 mg of RIL was added in 0.05 L of DMSO in order to 

make 1.0 mM stock solution.  It was then sonicated for 20 min and filtered. More dilute 

working solutions were then made from aliquots of this clear filtrated solution and the 

voltammetric studies were performed.  

3.7.4 Nadifloxacin Cream Formulation- Nadixa® 

In vitro permeation studies were carried out with modified horizontal diffusion 

cell with a 30 ml capacity receptor compartment using pH 7.4 PBS252 . The cellulose 

membrane was mounted in vertical position between the two parts of the cell fixing two 

compartments, one on each side of the sample: the “donor” compartment consisted of a 

glass cylinder with a 1 mL pH 7.4 PBS and 1 g cream formulation containing 1% NF. 

This medium was maintained at 32°C by water bath, and constantly stirring with a teflon 

coated magnetic bar. At predetermined time intervals (0, 120, 180, 240, 300, 360, 420, 

480 min.) 5 mL liquid from receptor compartment was withdrawn and replaced with 

fresh 32°C, pH 7.4 PBS. This was done to confirm that sink conditions existed 

throughout the experiment. Then, the concentration of NF was determined by AdSDPV.  

A calibration plot was drawn utilizing peak area versus concentration of the drug 

by running NF solutions in collected samples. Considering this process, the cumulative 

permeated NF (Qt) was estimated according to the equation: 

𝑄𝑡 = 𝑉𝑟𝐶𝑡 + ∑ 𝑉𝑠
𝑡−1
𝑖=0 𝐶𝑖                       (3.1) 

Where Ct is the determined nadifloxacin concentration at each sampling time, Ci 

stands for the ith sample concentration, Vs stands for sample volume, Vr stands for 

receiver solution volume, respectively. Data were represented as the cumulative drug 

permeation per unit surface area of skin, Qt/S (S = 1 cm2). The steady-state fluxes (Jss) 

were determined by following equation:  

𝐽𝑠𝑠 =
∆𝑄𝑡

∆t x S
                                 (3.2) 
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The apparent permeability coefficients (Kp) were estimated using the following 

equation: 

𝐾𝑝 =
𝐽𝑠𝑠

C𝑑
                                       (3.3) 

Cd stands for the concentration of drug (NF) in the donor part, while supposing that the 

content of drug in the receiver part is negligible under the conditions of sink253.  

3.8 Preparation and analysis of real Samples  

For the preparation of serum standard solution, 1 mL of drug from stock solution 

was transferred into a 10 mL centrifuge tube and then the solution was diluted with 5.4 

mL acetonitrile and 3.6 mL of serum to prepared total volume of 10 mL. The resultant 

mixture was centrifuged at 3500 rpm for half an hour to separate the protein residues 

and then the supernatant was taken carefully. Here, acetonitrile acted as a precipitating 

agent for protein residues. Then the investigation was followed up as shown in the basic 

analytical strategy. The calibration plot for serum samples was also prepared utilizing 

supporting electrolyte, which was helpful in recovery experiment. Urine standard 

solution was prepared in the same way as followed for preparation of serum solution. 

Then the solution was diluted with supporting electrolyte for calibration curve and 

recovery experiments. 

To check whether the excipients present in dosage formulations cause any 

interference, recovery experiments were performed and in this regard, a known amount 

of the standard drug was mixed to the dosage form of drug. The resulting solutions were 

analyzed by AdSDPV. The voltammograms were recorded and unknown 

concentrations were founded from the calibration plot. Further, to test the accuracy of 

the designed sensor, recovery experiments were also performed in urine and serum 

solutions, employing standard addition method. All the measurements were achieved 

at least in triplicate.  
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3.9 Analytes Investigated  

Nanomaterials modified electrochemical sensors were exploited for the 

detection of following pharmaceuticals given in Table 3.1.  The essential detail of the 

pharmaceuticals are explain below: 

 

Table 3.1. List of investigated drugs and electrode modifiers. 

No. Name Structure Recognition layer 

1. Entacapone 

N

O

C

NHO

O2N

OH  

 

NH2-fMWCNT 

2. Pimozide 

F

N

N

NH
O

F

 

NH2-

fMWCNT/ZnO/GQD

s 

3. Rilpvirine 

N

NN

H

N

H

N

NN N

-H
+

-e
-

N

NN N

N

NN N

N

NN N

-e
-

-e
-

-H
+

-e
-

 

CQDs/NH2-

fMWCNT/AgNPs 

4. Nadifloxacin 

N

OH
F

N

HO

O O

 

NH2-

fMWCNT/TiO2NPs 
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CHAPTER NO. 04 

RESULTS AND DISCUSSION 

This chapter encompasses explanation of the results obtained on modified GCE 

subjected to electroanalysis of pharmaceutical drugs. Nanomaterials such as fMWCNT, 

nanoparticles and quantum dots were used for electrode modification. The designed 

sensing platforms represented as; NH2-fMWCNT/GCE, NH2-

fMWCNT/ZnONPs/GQDs/GCE, CQDs/NH2-fMWCNT/AgNPs/GCE and NH2-

fMWCNT/TiO2/GCE were physically characterized and subjected to detect different 

pharmaceuticals such as Entacapone, Pimozide, Rilpivirine and Nadifloxacin, 

respectively. Experimental conditions were optimized for getting the best 

electrochemical response. The proposed methods were validated according to the 

International Council for Harmonization guidelines. The designed sensors were also 

successfully used for the detection of the respective drugs in the biological fluids and 

pharmaceutical tablets. The details are presented here: 

4.1 NH2-fMWCNT/GCE for the Determination of Entacapone 

The oxidation response of Entacapone (ENP) was examined on GCE modified 

with different nanoparticles such as COOH-fMWCNT, NH2-fMWCNT, Ni Nanowires, 

TiO2, AgNPs, AuNPs, ZnO, PtNPs and CdSe quantum dots (Fig. 4.1). Among these 

tested modifiers NH2-fMWCNT gave the highest current response and hence, NH2 

functionalized MWCNT(NH2fMWCNT) was used as a recognition layer over the 

surface of GCE for the selective and sensitive determination of antiparkinsonian drug 

Entacapone. Experiments were conducted to optimize of conditions for achieving the 

best results at the designed sensing platform. The details of characterization and 

performance of the designed nanosensor are presented in the following sections. 
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Fig. 4.1 Effect of different kinds of nanomaterials on the signal of 40 µM solution of 

ENP. 

4.1.1 Surface Characterization of NH2-fMWNCT/GCE 

Surface morphology of the NH2-fMWCNT/GCE was probed by SEM armed 

with EDX analysis. Images of the different parts of the surface obtained at different 

resolutions were analyzed. Fig. 4.2 (A-C) displays SEM images of the bare and NH2-

fMWCNT modified GCE. An observation of Fig. 4.2 (B) reveals that NH2-fMWCNT 

form a deeply compact and uniform thin film at the surface of GCE. Inspection of Fig. 

4.2 (C) indicates formation of well-defined nanoporous interspaces and a delicate 

tubular structure formed through a number of randomly-tangled spaghetti-like 

MWCNTs. It appears that NH2-fMWCNT increases the accessible surface area which 

makes the surface of GCE more conductive. Fig. 4.2 (D) shows the EDX spectra which 

ensure the purity of NH2-fMWCNT and confirm the presence of carbon and nitrogen.  
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Fig. 4.2 SEM images of (A) bare GCE; (B) and (C) NH2-fMWCNT modified GCE at   different 

resolutions, (D) EDX spectra of NH2-fMWCNT modified GCE. 

4.1.2 Electrochemical Impedance Spectroscopy (EIS) 

EIS was used to investigate the electronic transduction through bare and 

modified glassy carbon electrodes in a solution containing 5.0 mM potassium 

ferricyande and 0.1 M potassium chloride.  Fig. 4.3 represents the observed Nyquist 

plots obtained from the data recorded at bare GCE, and NH2-fMWCNT modified GCE. 

The Nyquist plot comprises of a semi-circular part and a linear segment. The semicircle 

signifies the electron transfer (ET) process in the high frequency region. Its diameter is 

a measure of the Rct. The linear portion at the region of low frequency represents the 

diffusion-limiting process. The Warburg resistance (RW) relates to the semi-infinite 

diffusion of redox probe at the modified electrode surface. The Rct value can be used as 

a key parameter to describe the interfacial properties of modified electrode. The bare 

(B) 

(C) 

(A) 



 

51 
 

GCE shows a relatively high electron transfer resistance with Rct value of 847.5 , 

suggesting poor ET kinetics of the redox probe at the surface of electrode. The Rct (9.62 

 106 ) obtained from the NH2-fMWCNT /GCE offers evidence of low electron 

transfer resistance and consequent faster ET at the modified electrode possibly due to 

high conductive nature of NH2-fMWCNT, thus indicating successful fabrication of 

GCE. The EIS data were analyzed by fitting measurements with the Randle equivalent 

electrical circuit shown as an inset of Fig. 4.3. The parameters calculated after fitting 

the experimental data of bare GCE and NH2-fMWCNT /GCE are summarized in Table 

4.1. For the apparent electron transfer rate constant kapp, the following equation (4.1)254 

was used, 

kapp = RT/F2RctC        (4.1) 

Where T the absolute temperature of the system, F the Faraday constant, R 

denotes universal gas constant and C the concentration of the probe ([Fe(CN)6]
4-/3-) in 

mole cm3. The lower Rct and higher kapp values offer another evidence of faster ET at 

the modified electrode surface as compared to the bare GCE. 
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Fig. 4.3 EIS performed at modified and bare GCE in 0.1 M KCl and 5 mM potassium 

ferricyanide solution, keeping frequency range of 0.1-100 kHz and amplitude 10 

mV. Inset in the right down corner is the Randle equivalent electrical circuit. Rct, 

Re, W and CPE represent the charge transfer resistance, solution resistance, 

Warburg impedance and constant phase element, respectively. 
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Table 4.1. Parameters calculated from EIS data. 

Electrode  Re/Ohm Rct /Ohm CPE/F kapp/cms1 

Bare GCE 118 847.9 954 109 3.02 

NH2-fMWCNT/GCE 76.7 9.62  104 11.7  106 5533 

 

4.1.3  Electrochemical Behavior of ENP  

CV was employed to compare the redox response of ENP on the surface of the 

modified and bare electrodes. The electrochemical response of ENP was investigated 

in 0.5 M H2SO4. ENP give an oxidation signal around 0.69 V and a reduction signal 

around 0.37 V at both electrodes. Since, oxidation of ENP was the focus of interest, so 

for further studies oxidation peak was analyzed. The current response at the bare GCE 

is very small (4.05 µA at 0.7 V) for 0.1 M ENP due to slow electron transfer as revealed 

from Fig. 4.4 (A). It can be obvious from the curve d of Fig. 4.4 (A) that the Ipa of ENP 

has increased to 27.05 µA from 4.05 µA accompanied with shift of peak to less positive 

potentials at NH2-fMWCNT/GCE, which is ascribed to the catalytic behavior of NH2-

fMWCNT. The current enhancement role of the modified GCE may be associated with 

the introduction of a nano-dimensional architecture (leading to enhance the electro-

active area of the electrode surface) and more conductive nature of NH2-fMWCNT. For 

confirmation of the increase in surface area after modification of GCE, a CV 

experiment was performed by using 1.0 mM K3Fe (CN) 6 as a redox probe at room 

temperature. The electroactive surface area of modified and bare electrodes was 

calculated by Randles-Sevcik equation (2.3). 

For K3Fe(CN)6, D = 7.6 ×10-6 cm2 s1, n =1, the areas of and modified and bare 

GCE were calculated as 0.06 and 0.02 cm2, respectively. Thus, after modification the 

electroactive surface area of the modified GCE increased three times compared to the 

surface area of bare electrode using data obtained from CV shown in Fig. 4.4 (B).  
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The electrochemical response of ENP was also investigated by AdSDPV. The 

peak potential shifted towards more negative potentials, suggesting that the NH2-

fMWCNT film on the surface of electrode changes the over potential of the electrode 

reaction, thus, facilitating ET process between the ENP and the electrode.  
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Fig. 4.4 A) Cyclic voltammograms in 0.5 M H2SO4 solution using (a) bare GCE (c) NH2-

fMWCNT /GCE and in 0.1 mM solution of ENP using (b) bare GCE (d) NH2-

fMWCNT /GCE at a scan rate of 100 mVs1. B) Cyclic voltammograms of bare 

and modified GCE in 1.0 mM K3Fe (CN) 6 at a scan rate of 100 mVs1. 

4.1.4 Optimization of Experimental Conditions 

 The response characteristics of the designed methods depend on several 

parameters such as amount of electrode modifier, supporting effect of pH, scan rate, 

supporting electrolyte and concentration. 

4.1.4.1 Influence of the Amount of NH2-fMWCNT 

Height of peak current is significantly affected by the concentration of modifier 

on the electrode surface. Different amounts of the modifier were examined on the 

electrode surface so as to find the optimum amount of NH2-fMWCNT for 

electrocatalytic oxidation of ENP using DPV. Fig. 4.5 shows the oxidation response of 

the drug with different amounts of NH2-fMWCNT on GCE. Enhancement in the peak 

current was observed with amount of the modifier from 3 to 10 µL. This increase in IP 

can be ascribed to the increase in effective surface area of the electrode and 
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electrocatalytic behavior of NH2-fMWCNT. With 10 µL modifier approximately 22 to 

25 times increase in current intensity was obtained in comparison to bare GCE. When 

amount of the NH2-fMWCNT increased from 10 µL onwards; peak current response 

was not uniform which may be due to slow electron transfer rate as a result of surface 

blockage owing to development of a thick film on the electrode surface. Hence, it can 

be concluded that the surface saturation point is achieved at 10 µL of NH2-fMWCNT 

suspension demonstrating maximum load of the modifier that could enhance the ET 

process at the electrode surface.  
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Fig. 4.5  Influence of the amount of modifier on 40 µM solution of ENP. DPVs obtained at the 

unmodified and NH2-fMWCNT modified GCE in 0.5 M H2SO4 under the following 

DPV conditions; step potential: 0.005 V; modulation amplitude: 0.025 V; modulation 

time: 0.05 s; interval time: 0.5 s and scan rate of 10 mV s1. 

 

4.1.4.2  Effect of pH  

 The pH of supporting electrolyte is one of the key features in studying the 

electrochemical response of an analyte. For controlling pH different electrolytes such 

as 0.1 and 0.5 M H2SO4, phosphate and acetate buffers within a pH range of 2-8 were 
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investigated.  From the DPVs shown in Fig. 4.6 (A), it is obvious that the EPa of ENP 

shifts towards less positive potentials with increase in pH from 2 to 8 indicating the 

occurrence of deprotonation reaction coupled with ET reaction of ENP. The intensity 

of the peak current shows a decrease with increase in pH. These results suggest that 

acidic medium is more suitable for oxidation of ENP at NH2fMWCNT modified GCE. 

A well-defined and resolved voltammetric peak with maximum current intensity 

appeared in a medium of 0.5 M H2SO4. Therefore, 0.5 M H2SO4 solution was chose as 

the optimum supporting electrolyte for further electroanalytical studies. Fig. 4.6 (B) 

shows a plot of pH versus anodic potential using data of ENP obtained at the modified 

GCE. The plot is expressed by the following equation according to the curve obtained: 

Ep (mV) = 692.44 55.66pH          r= 0.999 (pH: 0.1-8.0)                  (4.3) 

The slope value of 55.66 mV per pH is close to the theoretical value of 59 mV which 

demonstrates that the system obeys Nernstian behavior and involves same number of 

electrons and protons in the rate determining step of the oxidation process161,255,256. 
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Fig. 4.6 A) DPVs of 40 µM solution of ENP obtained at NH2-fMWCNT/GCE in media of 

different pH values under the following DPV conditions; step potential: 0.005 V; 

modulation amplitude: 0.025 V; modulation time: 0.05 s; interval time: 0.5 s and scan 

rate of 10 mV s1 B) Plots showing dependency of Ep and Ip on pH. 

4.1.4.3 Effect of Scan Rate and Proposed Oxidation Mechanism for ENP 

Generally, the electrocatalytic property of any material is judged from its 

electrochemical response. Peak intensification with increase in scan rate pinpoints 

either an adsorption or diffusion controlled or mixed controlled electron transfer 

process. To judge the mode of electron transfer process, the influence of scan rate (ѵ) 

(5-500 mVs1) on the oxidation peak current of ENP was investigated as depicted in 

Fig. 4.7. The anodic Ep is observed to shift towards more positive potentials with 

increasing ѵ, which suggests chemical irreversibility of the process. So as to ascertain 

the number of electrons involved in the oxidation of ENP, equation Ep-Ep/2=48/αn257,258 

was used. From this equation αn with a value of 0.96 was calculated, hence, n with a 

value of 1.92 points to the involvement of two electrons during electro-oxidation of 

ENP.  
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Fig. 4.7 Cyclic voltammograms of 0.1 mM ENP at modified GCE in 0.5 M H2SO4 at scan 

rates ranging from 5-500 mVs1. 

The slope of the plot of log Ip and log v also gives information about the nature of the 

ET process. From the equation:  

Log Ip (µA) = 0.66 log v (mVs1) + 0.483 (R2=0.994)  (4.4) 

adsorption contribution is suggested at the surface of the NH2-

fMWCNT/GCE259,260. The linearity of Ipversus v plot represented by: 

Ip (µA) = 0.362 v (mVs1) + 20.496 (R2=0.998)  (4.5) 

also supports the adsorption controlled nature of the oxidation process. Moreover, the 

lower R2 = 0.948 value of the equation of Ip versus square root of v,  

Ip (µA) = 8.839 v1/2 (mVs1)1/2 – 15.702  (R2 = 0.948) (4.6) 

further strengthens the argument for the dominance of adsorption controlled 

process261. Their respective graphs are given in Fig. 4.8 (A to C). 
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Fig. 4.8 (A) Logarithm of anodic peak current versus logarithm of scan rate; (B) linear 

dependence of anodic peak currents versus  scan rate; (C) plot of anodic peak current 

versus  square root of scan rate of 0.1 mM ENP at modified electrode. 

a) Proposed Oxidation Mechanism of ENP 

In order to elicit the mechanistic details of ENP, some active drug compounds 

such as Tolcopone, Chloramphenicol, Carbidopa, and Benserazide resembling 

Entacapone in chemical structure were studied as model compounds. As shown in Fig. 

4.9, the first scan offers no evidence of the existence of peak in the 0.5 V potential 

domain which appears after the second peak. This may be related to the formation of an 

intermediate product in the oxidized form. Taking into account behavior of the peak in 

the voltammograms obtained at different scans it may be assumed that the oxidation step 

is related with a typical redox system for quinone. The possible oxidation mechanism is 

given in Fig. 4.10. 
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Fig. 4.9 Repetitive cyclic voltammograms of 0.1 mM A) Entacapone, B) Tolcapone, C) 

Chloramphenicol D) Carbidopa E) Benserazide using NH2-fMWCNT/GCE in 

solution of 0.5 M H2SO4 at scan rate of 100 mVs1 with inset showing different 

chemical structures. 
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Fig. 4.10 Suggested electrochemical oxidation mechanism for the ENP. 

4.1.4.4 Effect of the Accumulation Potential and Time 

The dependency of the stripping peak current of ENP on the accumulation 

potential and time was studied by AdSDPV at the modified electrode. The influence of 

accumulation potential (AP) on the Ip was recorded between 0 to 0.7 V as depicted in 

Fig. 4.11 (A and B). The maximum peak current was noticed at 0.6 V. After optimizing 

AP influence of accumulation time (AT) on the peak current of the drug was studied. 

The peak current increased significantly during the first 240 s, after which it started to 

decrease suggesting saturation of the electrode surface (Fig. 4.11 (C and D)). Hence, 

maximum electrooxidation of ENP on the NH2-fMWCNT modified GCE occurred at 

0.6 V in 240 s. Thus, for further experiments, accumulation time and potential were set 

as 240 s and 0.6 V.  
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Fig. 4.11 The effect of accumulation potential (A and B); and time (C and D) on the oxidation 

peak current of 40 µM solution of ENP in 0.5 M H2SO4 at scan rate of 10 mVs1 at 

NH2-fMWCNT /GCE by using DPV under these conditions; step potential: 0.005 V; 

modulation amplitude: 0.025 V; modulation time: 0.05 s; interval time: 0.5 s The 

error bar represents the standard deviation of three independent measurements. 

4.1.5 Analytical Characterization  

The detection range and detection limit are important parameters in 

electrochemical sensor studies. Therefore, voltammograms of different concentration 

of ENP were obtained at the modified electrode under optimized experimental 

conditions. Fig. 4.12 (A) shows linear relationship between the IPa and concentration of 

drug (1nM- 50 nM) at the modified GCE in 0.5 M H2SO4 solution, where anodic peak 

current intensity was observed to increase with increase in concentration. The limit of 
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quantification (LOQ) and limit of detection (LOD) were calculated using the following 

equations262–264:  

LOQ =10σ /m                    (4.7) 

LOD= 3σ /m                     (4.8) 

Where σ is calculated from the standard deviation of IP the lowest concentration 

of drug (five times) and m is the slope of calibration plot. The voltammetric response 

of ENP at the designed method was investigated in human body fluid samples such as 

urine and serum (Fig. 4.12 (C) and (D)) under optimum experimental conditions of 

240 s and 0.6 V accumulation time and potential, respectively. The parameters of the 

calibrations plots (Fig.4.12 (B) and (E)) are summarized in Table 4.2. The LOD of the 

designed sensor indicates that the proposed method could potentially be used to monitor 

ENP concentration with high sensitivity. In the current work NH2-fMWCNT/GCE 

shows a wide linear concentration range and lower LOD than reported values for ENP 

drug at different modified electrodes as presented in Table 4.3265–269. The presented 

analytical methodology provides advantages about ENP detection in terms of 

reproducibility, selectivity, recovery and sensitivity. An examination of the values 

reveals that our designed device is a better sensing platform than the reported analytical 

tools. Furthermore, the fabrication of this electrode is very easy, simple and cost 

effective. 
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Fig. 4.12 (A) AdSDPV of solution containing different concentrations of ENP (C) 

AdSDPV of solution containing different concentrations of ENP in Serum 

(D) AdSDPV of solution containing different concentrations of ENP in 

Urine in medium of 0.5 M H2SO4 at scan rate of 10 mV s-1 at accumulation 

potential and time of 0.6 V and 240 s, respectively using NH2-fMWCNT 

modified GCE; (B) and (E) are the corresponding calibration plots for 

AdSDPV curves. 
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Table 4.2. Data calculated from the calibration plot of drug, serum and urine. 

Calculated Parameter Drug  Serum Urine  

Linear range (M) 1-50 109 5-70 109 5-70 109 

Slope(µA/M) 107.26 25.41 14.38 

Standard error of slope  2.05 105 0.38 105 0.32 105 

Intercept (µA) 4.0 107 4.08 108 4.0 ×109 

Standard error of intercept 5.18 ×108 1.63 108 1.31 108 

Correlation coefficient 0.99 0.99 0.99 

LOD (M) 1.45 ×1011 9.39 1010 9.93 1010 

LOQ (M) 4.41 1011 2.85 109 3.01109 

Within-day precision[a] (RSD %) 1.82 1.19 1.73 

Between-day precision[a] (RSD %) 1.56 1.20 1.45 

After 15 days precision[a] (RSD %) 1.21 1.99 1.95 

Reproducibility of electrode[b] (RSD %) 1.07 1.08 1.32 

[a]Each value is the mean of three different readings,  
[b]Each value is the mean of five different readings 

Table 4.3. Comparison studies of various published electrochemical sensors for ENP with the 

present work. 

Electrode Redox 

response 

Linear range 

(M) 

LOD 

(M) 

LOQ 

(M) 

Ref 

PrMoNPs/rGO/GCE Ox 0.009-200 

106 

3.18 

1010 

- 265 

HMDE/Tween 20 Red 5 104-1.8 

×105 

0.13109 0.42 

109 

266 

CPE/TritonX-100 Ox 1.0 106 -3.8 

105 

1.13 107 3.76 

107 

267 

Ag@Met-

MWCNT/GCE 

Red 0.05 -70.0 

106 

15.3 109 - 268 

Methionine/Pd/CPE/

SDS 

Ox 2.0 108 -0.8 

103 

7.07 

1010 

2.35 

109 

269 

NH2fMWCNT/GCE Ox 0.5-50  109 3.13 

1011 

9.49  

1011 

This 

work 

*Where HMDE stands for hanging drop mercury electrode, AMP for amperometry, Ox stands for 

Oxidation, Red stands for Reduction rGO is reduced graphene oxide, CPE represents carbon paste 

electrode. 
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4.1.6 Repeatability and Reproducibility of NH2-fMWCNT/GCE 

Repeatability of the designed sensor was tested by recording three successive 

voltammograms on the same GCE within a day and between two consecutive days 

using three different concentrations of ENP. The RSD% values given in Table 4.2 for 

repeatability are the average of the three concentrations. The same electrode was kept 

in vacuum desiccator and used for checking stability after 15 days. The current response 

was found to decrease by 3% after two consecutive days and to 18% after 15 days. The 

relative standard deviation % (RSD %) of Ip was calculated as listed in Table 4.2. The 

RSD% values in the range 1.21-1.82 indicate good agreement between the readings. To 

test the reproducibility of the designed sensor five different electrodes were modified 

in the same way and the RSD% values were calculated. The determined values were 

less than 2%. The results given in Table 4.2 show that the NH2-fMWCNT modified 

GCE has high repeatability and reproducibility and could be satisfactorily be employed 

for repeatable and reproducible determination of ENP. Fig. 4.13 (A and B) presents 

voltammograms recorded for checking reproducibility and repeatability of the modified 

electrodes under optimum experimental conditions. 
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Fig. 4.13 (A) Reproducibility (B) within days/ between days repeatability and stability of NH2-

fMWCNT modified electrodes in 100 nM of ENP at an accumulation potential and 

time of 0.6 V and 240 s, respectively using AdSDPV. 
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4.1.7 Effect of Some Interfering Agents  

The effect of interfering agents was also investigated to evaluate the selectivity 

of the proposed methods because selectivity is one of the most significant 

characteristics to assess the reliability of a sensor for practical applications. Uric acid 

and ascorbic acid are the most critical interferences that are present in the extracellular 

fluid of the central nervous system. Sensitivity of the method was tested in the presence 

of a number of interfering agents such as magnesium phosphate, uric acid, dopamine, 

hydrochloride, iron (III) hydroxide polymaltose complex, sucrose and ascorbic acid in 

order to investigate their influence on the electrochemical oxidation of ENP over the 

surface of NH2-fMWCNT/GCE. These compounds were individually introduced in the 

ratio of 1:1, 1:10, 1:100 and 1: 1000 for ENP: interfering agent into the solution of 40 

µM ENP. Fig. 4.14 shows that the current intensity of ENP is negligibly influenced in 

the presence of 100 times more concentrated solution of interfering agents. But the 

current response decreased to 84% in presence of 1000 times more concentrated 

solution of uric acid and dopamine hydrochloride, 91% for ascorbic acid, 96% for 

magnesium phosphate and 97% for iron (III) hydroxide polymaltose complex, which 

are indication of some interference from these compounds at this level. According to 

the obtained results, it can be concluded that the designed method is sensitive to ENP 

even in solution containing 100 times higher concentration of interfering agents than 

the target analyte. Tolerance limit of the designed sensor is 1000 M for ascorbic acid, 

iron (III) hydroxide polymaltose complex, magnesium phosphate and sucrose and less 

than 1000 M for dopamine hydrochloride and uric acid. Based on these results, it can 

be concluded that the presence of these contaminants in pharmaceutical formulation 

samples don't cause any significant interference in the detection of ENP by the proposed 

AdSDPV method and hence high selectivity for the determination of ENP is suggested 

at the designed sensor. 
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Fig. 4.14 (A) DPV peak current of 40 µM ENP at NH2-fMWCNT /GCE using 0.5 M H2SO4 as 

supporting electrolyte in presence of interfering agents in 1:1, 1:10, 1:100, 1:1000 

ratio; (B) bar graph showing peak current of 40 µM ENP at NH2-fMWCNT /GCE 

using 0.5 M H2SO4 as supporting electrolyte in presence of different concentrations 

of interfering agents ; (A) pure drug; (B) dopamine + uric acid ; (C) ascorbic acid; 

(D) magnesium phosphate; (E) sucrose; and (F) iron (III) hydroxide polymaltose 

complex at scan rate of 10 mVs1 under optimized experimental conditions. The 

error bar represents the standard deviation of three independent measurements. 

 



 

68 
 

4.1.8 Analytical Application   

For the purpose of practical applicability of the designed sensor, DPV method 

was used for the analysis of ENP in tablet, human urine and serum. The recovery 

experiments were carried out after addition of known amount of the pure drug added 

into pre-analyzed tablet, urine and serum samples, using the obtained calibration 

curves, to check the accuracy and practicability of the developed method under 

optimized experimental conditions to see whether the excipient in tablet serum and 

urine affect the current response of the analyte. The obtained recovery results are 

summarized in Table 4.4, which reveal that recoveries obtained for urine, tablet and 

serum samples are acceptable with RSD% values lower than 2% for all the samples 

with excellent recovery percentage close to 100%. Thus, suggesting that NH2-

fMWCNT modified electrode has promising applicability the quantitative analysis of 

ENP in dosage forms and biofluids. The content values measured by the designed 

sensor for the commercial tablet are almost equal to the claimed amount. According to 

the obtained results, there is no interference from the excipients present in dosage form, 

endogenous substances from serum and urine samples, since the excipients and/or 

inactive ingredients are not electroactive.  

Table 4.4. Tablet and recovery analysis for ENP using NH2-fMWCNT/GCE 

nanosensor. 

Calculated Parameter Comtan® Serum Urine 

Labeled claim (mg) 200.00 - - 

Amount found (mg)a 198.20 - - 

RSD% 0.26 - - 

Bias% 0.60 - - 

Added (mg) 5.00 5.00 5.00 

Found (mg)a 4.98 4.92 4.95 

Average recovery % 99.6 98.3 99.0 

RSD% of recovery 1.37 1.46 1.004 

Bias% 0.40 1.66 1.00 
[a]Each value is the mean of five different readings. 
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4.2 NH2-fMWCNT/ZnO/GQDs/GCE for the Analysis of Pimozide 

An electrochemical nanosensor was designed for the detection of antipsychotic 

drug Pimozide (PZ) using NH2fMWCNT decorated with ZnONPs co-catalyzed by 

GQDs. The details of electroanalysis are given below:  

4.2.1 Electrochemical Characterization of NH2-fMWCNT/ZnO/GQDs/GCE  

Prior to electrochemical analyses of PZ, the designed nanosensor surface was 

characterized by SEM and EDX analysis. EIS was used to study the ET ability and CV 

was employed to compare the oxidative/reductive response of ferricyanide on the 

surface of unmodified and modified electrodes. For a quantitative estimate EIS 

measurements were performed at the unmodified and NH2-fMWCNT, ZnONPs and 

GQDs modified working electrodes using 5 mM potassium ferricyanide solution as the 

redox probe. Fig. 4.15 shows the EIS results in the form of Nyquist plots. It is obvious 

that at bare GCE, the EIS plot has a larger semicircle suggesting greater electron 

transfer resistance offered to the ferricyanide redox-probe. In contrast, the assemblage 

of NH2-fMWCNT and ZnONPs on the surface of reduces the semicircle as evident in 

Fig. 4.15. When GQDs are immobilized with NH2-fMWCNT and ZnONPs on the 

surface of electrode, the barrier to interfacial ET is further reduced which is reflected 

by further reduction in the diameter of semicircle. The smaller semicircle points to a 

comparatively higher electronic conduction through the electrode/electrolyte interface. 

This conduction enhancement can be related to more conductive nature of NH2-

fMWCNTs, and a provision of more active sites for the redox species by ZnONPs and 

GQDs at the surface of GCE. The parameters obtained after fitting the experimental 

data to the Randle’s equivalent circuit model are listed in Table 4.5. The Rct and CPE 

are affected by modification of the electrodes. The CPE elements, n and Q signify 

surface roughness and capacitance. The value of n varies from 0 (when Q relates to 

resistance) to 1 (when Q relates to an ideal capacitor with a smooth surface)254,270. In 

the present work, n values varying from 0.86 to 0.99 demonstrate a good capacitor by 

lining up of the charges parallel to the surface of NH2-fMWCNT/ZnONPs/GQDs/GCE. 

The decrease in Rct after modification with nanocomposite can be accredited to the 

synergistic effect of MWCNT, transition metal oxide ZnONPs and GQDs. Change in 
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EIS parameters revealed that the modified electrode offered less resistance to the redox 

probe. Thus, NH2-fMWCNT /ZnONPs/GQDs/GCE behaves as a good sensing surfaces.  
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Fig. 4.15 Nyquist plot of a) bare GCE; b) NH2-fMWCNT/ZnONPs and c) NH2-

fMWCNT /ZnONPs/GQDs  modified GCE in 5 mM K3[Fe (CN)6] + 3 

M KCl solution at open circuit potential: with an amplitude of 10mV 

and a frequency range of 0.1−100 KHz. The inset shows the equivalent 

circuit model for fitting the experimental impedance data. 

 

Table 4.5. Parameters calculated from EIS. 

Electrode Re/102 

Ohm 

Rct /103 

Ohm 

CPE/106 

F 

n 

GCE 3.282 4.120 1.411 0.86 

NH2-fMWCNT/ZnONPs/GCE 2.926 3.014 1.041 0.95 

NH2-fMWCNT /ZnONPs/GQDs/ GCE 2.022 1.999 0.312 0.99 

 To ensure that the fabricated electrode provides more active sites, the effective 

surface area of NH2-fMWCNT/ZnONPs/GQDs modified electrode and unmodified 

electrode was determined using 5 mM potassium ferrocyanide as a redox system (Fig. 

4.16). By applying the Randles-Sevick equation (4.2), the effective surface area was 

estimated to be 0.021 cm2 for bare GCE. For NH2-fMWCNT/ZnONPs/GQDs/GCE, it 

was found to be 0.066 cm2 which is about three times more than that of unmodified 

electrode. Thus, CV data validate EIS findings. 

(A) 
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Fig. 4.16 Cyclic voltammograms of a) bare GCE; b) NH2-fMWCNT/ZnONPs/GQDs modified 

GCE recorded in 5 mM K4[Fe(CN)6] + 3M KCl at scan rate of 100 mVs1. 

4.2.2 Surface Characterization of the NH2-fMWCNT/ZnONPs/GQDs/GCE 

Nanosensor 

The surface morphologies of the stepwise modification process of 

electrochemical sensor were explored by SEM. The corresponding SEM images of bare 

GCE, NH2-fMWCNT, NH2-fMWCNT /ZnONPs and NH2-fMWCNT/ZnONPs/GQDs 

modified GCE can be seen from Fig. 4.17. Fig. 4.17 (A) depicts the uniform and smooth 

surface of the bare GCE while the SEM image in Fig. 4.17 (B) reveals densely packed 

and well distributed NH2-fMWCNT on the GCE surface which confirm that the 

MWCNT act as a scaffold by adsorbing on the surface of electrode. The surface 

morphology of GCE was further changed when ZnONPs and GQDs were immobilized 

onto the NH2-fMWCNT /GCE. The SEM image in Fig. 4.17 (C) indicates the presence 

of a dense layer of ZnONPs on the NH2-fMWCNT modified GCE which reveals the 

formation of a porous microstructure favorable for effective immobilization of GQDs. 

GQDs is immobilized over the NH2-fMWCNT /ZnONPs/GCE to form a third layer. It 

can be observed in Fig. 4.17 (D) that MWCNT embed GQDs in its structure. Since 

GQDs are conductive and their presence further enhances the electroactive surface area 

of the NH2-fMWCNT/ZnONPs electrode, so more amount of analyte can accumulate 

over its surface. These different morphologies indirectly prove the successful formation 

of NH2-fMWCNT /ZnONPs/GQDs film on the GCE surface through layer-by-layer 
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approach. Fig. 4.17 (E) shows the EDX spectra, which ensure the presence of ZnONPs, 

NH2-fMWCNT and GQDs on the electrode surface. 

       

     

 
 

Fig. 4.17 SEM images of (A) bare GCE; (B) NH2-fMWCNT/GCE; (C) NH2-fMWCNT 

/ZnONPs/GCE; (D) NH2-fMWCNT/ZnONPs/GQDs/GCE; (E) EDX spectra 

of NH2-fMWCNT/ZnONPs/GQDs/GCE. 

(B) 

(C) 
(D) 

(E) 

(A) 
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4.2.3 Electrochemical oxidation of Pimozide  

The electrochemical response of Pimozide (PZ) was studied at the modified 

GCE in different pH media as depicted in Fig. 4.18. A well-defined oxidation peak was 

observed for the PZ along with the appearance of small secondary set of redox peaks at 

low positive potentials. The appearance of secondary peaks can be related to the 

formation of intermediate product, which undergoes a redox reaction. The redox couple 

was found dependent on pH. In a strong acidic medium, the peaks of the redox couple 

are less distinctive which become more prominent as the pH increases and no longer 

appear in higher pH media. Thus acidic medium is suitable for the electrochemical 

behavior of PZ271. In the oxidation behavior of PZ investigated at the NH2-

fMWCNT/ZnONPs/GQDs modified GCE the first peak was found more intense and 

well resolved, so this peak was focused in further electrochemical experiments.            

Fig. 4.19 illustrates the cyclic voltammograms of PZ at the modified and unmodified 

GCE in 0.1 M H2SO4 solution as SE. As compared to the unmodified electrode, the 

intensity of IPa obtained at the modified GCE using cyclic voltammetry was found 

higher, possibly owing to increase in the electroactive surface area. 
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Fig. 4.18 Repetitive cyclic voltammograms of 10 µM PZ solutions at different pH 

values; (A) pH 2.5 (B) pH 3.5 (C) pH 6. 
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Fig. 4.19 Cyclic voltammograms of a) NH2-fMWCNT/GQDs/ZnONPs/GCE in 10 

µM PZ in 0.1 MH2SO4; b) NH2-fMWCNT/GQDs/ZnONPs/GCE in 0.1 M 

H2SO4 (blank); c) bare GCE 10 µM PZ solution d) bare GCE in 0.1 M 

H2SO4. 

As DPV produces reduced background charging current and provides a well 

resolved signal, hence it was used for the electroanalysis of the drug on the designed 

nanosensor. In this study, various modification agents such as COOH-fMWCNT, 

GQDs, TiO2NPs, AgNPs, AuNPs, ZnO, PtNPs, or surfactants such as Tween20, 

polyethylene glycol, were used to find the best nanosensor towards PZ detection (see 

Fig. 4.20 A). In these modification agents, NH2 functionalized MWCNT generated 

higher peak current than other. Fig. 4.20 B shows the DPV for oxidation of 40 µM PZ 
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solution at bare and NH2-fMWCNT/ZnONPs/GQDs/GCE in 0.1 M H2SO4. As it is 

obvious, the intensity of peak current is significantly higher at NH2-

fMWCNT/ZnONPs/GQDs/GCE than that of other modifying agents presented in Fig. 

4.20 A. GQDs and NH2-fMWCNT modified electrode in comparison with the NH2-

fMWCNT/GCE shows higher peak current due to the high surface area due to MWCNT 

and GQDs. In contrast, NH2-fMWCNT/ZnONPs/GQDs nanocomposite modified 

electrode with regards to other modified electrodes showed a further increase in current 

which implies a faster rate of electron transfer possibly as a result of synergistic effect 

of GQDs, MWCNT and ZnONPs. 
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Fig. 4.20 DP Voltammograms of 40 µM solution of PZ A) Different modification 

strategies B) a) NH2-fMWCNT/ZnONPs/GQDs/GCE in 0.1 M H2SO4  as 

supporting electrolyte; b) bare GCE; c) NH2-fMWCNT/GCE; d) NH2-

fMWCNT/GQDs/GCE; e) NH2-fMWCNT/ZnONPs/GCE; f) NH2-

fMWCNT/ZnONPs/GQDs/GCE. 
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4.2.4 Optimization studies 

 For getting the best response of the sensing surface, following parameters were 

optimized;  

4.2.4.1 Effect of the Amount of the Modifier 

The impact of the amount of modifier on the signal of PZ was probed. In this 

regard, different combinations of three nanostructured materials were applied on the 

electrode surface by adopting layer-by-layer strategy. DPV was applied to investigate 

the optimum amount of modifier for acquiring the most intense current response of the 

drug PZ. The resultant peak currents with different amount of modifiers immobilized 

over the GC electrode surface are represented in Fig. 4.21. Maximum current response 

was obtained with 10 µL NH2-fMWCNT (1 mg.mL1), 5 µL ZnONPs (1 mg.mL1) and 

5 µL GQDs. Hence, further experiments were performed using modified electrode with 

an optimized 10:5:5 µL of NH2-fMWCNT, ZnONPs and GQDs.  
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Fig. 4.21 Effect of modifier amount for 40 µM PZ in 0.1 M H2SO4  with different 

amount of (1 mg.mL1 each) NH2-fMWCNT, ZnONPs and GQDs with 

a ratio of; (A) 10:5:5; (B) 15:5:5; (C) 10:7:5; (D) 10:10:5; (E) 

10:10:10; (F)10:5:10; (G) 10:7:7; (H) 7:7:7, respectively are shown. 
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4.2.4.2 Effect of pH 

The pH effect was investigated in order to select the best pH medium regarding 

peak shape, sensitivity and reproducibility of the voltammogram for the determination 

of PZ.  For this purpose, buffer solutions of different pH values ranging from 0.3 to 7 

were employed as supporting electrolyte and response of Ep and Ip with pH was 

examined (Fig. 4.22 (A and B)). These results show that the signals are strongly pH-

dependent. As presented in Fig. 4.22 B, anodic peak potential of PZ shifts negatively 

with an increase in solution pH, indicating participation of protons during electrode 

reaction according to the this equation; 

Ep (V) = 0.0587 pH +1.056; (R2 = 0.990)                       (4.9) 

            The slope value obtained  from equation (4.9) is near to the slope of the expected 

theoretical value according to the formula dEp/dpH =-0.059 m/n272–274, where m and n 

stand for no. of proton and electron, respectively. The slope value suggests that the 

equivalent number of protons and electrons are contributing in electrode reaction. An 

observation of the plot of Ip versus pH shown in Fig. 4.22 B reveals that the peak current 

attains a maximum value at pH 1. Thus, in succeeding experiments, a solution of 0.1 M 

H2SO4, pH 1, was selected for further experiments as an effective supporting 

electrolyte. 
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Fig. 4.22 (A) DP voltammograms of 40 µM PZ solution at modified GCE in various 

pH values; (B) Plot of EP and IP vs. pH. Acetate buffer,   Sulfuric acid, 

Phosphate buffer. 

4.2.4.3 Effect of Scan Rate and Possible Electrochemical Mechanism of PZ 

In order to investigate whether the process of PZ oxidation at the surface of 

modified GCE is diffusion or adsorption controlled, scan rate studies were conducted. 

It was observed that the Ipa of PZ is proportional to the scan rate. Fig. 4.23 A illustrates 

the impact of scan rate on the Ipa of PZ in the range between 5 and 100 mVs1 using 

CV. A linear relationship was observed between the EP vs. log ѵ, which suggests that 

the electrochemical oxidation process of PZ is irreversible as is also evident from cyclic 

voltammograms (Fig. 4.23 A). The plot is according to the Laviron equation, for an 

irreversible ET process, where α is assumed as 0.5275,276. The value of n was found to 

be 1.7, suggesting the participating of two electrons in the electrochemical oxidation of 

PZ (Fig. 4.23 B). 

Ep (V) = 0.07 logѵ (Vs1) + 1.20; (R2 = 0.999)                 (4.10) 
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         The plot Ip versus ѵ1/2 and Ip versus ѵ gives information whether the process on 

the NH2-fMWCNT/ZnONPs/GCE is adsorption controlled or diffusion controlled.  

 The plot of Ipa of PZ veruss ѵ1/2 (Fig. 4.23 C) indicates a typical diffusion 

controlled electrochemical process with higher regression value as compared to Ip 

versus ѵ plot (see equation 4.11 and 4.12, and Fig. 4.23 D). The obtained equations are;  

Ip (µA) = 1.26 ѵ1/2 (mVs1)1/2 – 0.77;   (R2 = 0.998)               (4.11) 

Ip (µA) = 0.10 ѵ (mVs1) + 2.32;        (R
2 = 0.977)                               (4.12) 

Additionally, a plot of log Ip of PZ versus. log ѵ (Fig. 4.23 E) also gives a 

straight line with slope values of 0.57. The obtained value is nearly equal to the 

theoretical value reported for a purely diffusion controlled process which further 

supports that the process is diffusion controlled277. The linear equation is represented 

as; 

Log Ip (µA) = 0.57 log ѵ (mVs1) − 0.06;    (R2 = 0.999)        (4.13) 

Moreover, in order to suggest a possible oxidation mechanism for PZ, other 

group members of piperidine drugs, Benperidol and Droperidol were studied as model 

drugs. Although, Pimozide, which is a diphenyl type of Piperidine, has difference in 

general types of characteristic than Benperidol and Droperidol, they have similar in 

chemical structure and oxidation properties. Therefore, these two drugs were selected 

as model drugs. These drugs are members of fluoro butyrophenon neuroleptics  and 

structurally related to PZ, give a well-defined oxidation peak around +1.2 in the first 

scan, then in following scans intermediate products give oxidation signals around +0.6 

V (Fig. 4.24). Risperidone shows similar behavior as reported in literature276,278–280. 

Hence, it can be suggested that Pimozide oxidation is related to the piperidin moiety as 

shown in Scheme 4.1279,281–283. 
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Fig. 4.23 A) Cyclic voltammograms of 10 µM PZ at NH2-fMWCNT/ZnONPs/GQDs 

modified GCE in 0.1M H2SO4 at various scan rates. B) Peak current of PZ 

vs. scan rate C) peak current of PZ vs. square root of scan rate D) peak 

potential of PZ vs. logarithm of scan rate E) peak current of PZ vs. 

logarithm of scan rate, for 10 µM PZ at NH2-fMWCNT/ZnONPs/GQDs 

modified GCE in 0.1 M H2SO4 solution. 
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Fig. 4.24 Repetitive cyclic voltammograms of A) 40 µM Pimozide B) 40 µM 

Benperidol C) 40 µM Droperidol in 0.1 M H2SO4. 
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4.2.5 Analytical Applications 

 Before application to the dosage formulations and real samples, the developed 

method was validated as discussed in the following sections: 

4.2.5.1 Calibration Curve 

To check the viability of the proposed method for the detection of PZ the 

dependence of peak current on the PZ concentration was investigated using DPV (see 

Fig. 4.25 A linear relationship was observed (inset A) between the Ipa and concentration 

of PZ in the range of 6.25×1011 1.20×107 M with a correlation coefficient of 0.998. 

Moreover, the performance of the sensor was evaluated by determining the amount of 

PZ in human serum and urine samples (Figs. 4.25 B and C). Calibration plots were 

plotted for the Ipa and the PZ concentration in the samples of urine and serum using the 

modified electrode. Analytical parameters of the calibration curves are listed in Table 

4.6. The LOQ and the LOD were estimated using the equations (4.7 and 4.8) 284,285. 

 At the bare GCE, linear range for PZ was found as 8.0 107 to 1.0 104 and 

limit of detection value is 6.0 107 M. While at NH2-fMWCNT/ZnONPs/GQDs 

modified GCE, a 14.7 times higher response was obtained compared to bare GCE. 

According to the pharmacological studies and books143,144, the expected amount of PZ 

in the human serum after treatment with the recommended daily dose is in the 

therapeutic range of 15-20 ng.mL1. In molarity, these are 3.25  108 M to 4.3 108 

M. Moreover, it has been reported that about 40% of doses are excreted in urine as 

parent drug. Moreover, it has been reported that, the peak of urinary excretion occurred 

2 to 6 hours after oral administration of 2 mg PZ, with approximately 45 % of the dose 

being recovered in the urine after 96 hours143,144. The proposed nanosensor can detect 

PZ in these concentration levels. The LOD and LOQ values (Table 4.7) of PZ obtained 

at NH2-fMWCNT/ZnO/GQDs modified GCE are lower than the reported values271,286. 

These findings point to the promising candidature of the proposed sensor for fulfilling 

the detection requirement below the recommended therapeutics range143. 
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Fig. 4.25  DP voltammograms of different concentrations of PZ in 0.1 M H2SO4 

solution; (A) standard solution; (B) Human serum; (C) Human urine 

sample, calibration plots between Ip and concentration, respectively at 

NH2-fMWCNT/ZnONPs/GQDs modified GCE are in insets. 
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Table 4.6. Regression data of the linear ranges at modified GCE using DPV for quantitative 

measurements of PZ in drug, serum and urine samples. 

Parameters Drug Serum Urine 

Linearity range (M) 6.25 1011-

1.20 107 

3.30 1010-

3.00 108 

3.30 1010-

3.00 108 

Slope (µA/M) 76.404 75.33 23.501 

Standard error of slope 0.87 102 0.72 102 0.18 102 

Intercept (µA) 1.16 107 4.17 ×108 1.84 109 

Standard error of 

intercept 

3.58 108 1.11 108 2.88 109 

LOD (M) 1.02 1011 6.03 1011 6.42 1011 

LOQ (M) 3.10 1011 1.83 1010 1.94 1010 

Within-day precision 

(RSD %)* 

0.68 1.45 1.44 

Between-day precision 

(RSD %)* 

1.22 1.75 1.85 

After 15 days precision 

(RSD %)* 

1.75 1.88 1.25 

Reproducibility (RSD 

%)* 

1.03 1.33 1.82 

 Average of five experiments  

 

 

 



 

86 
 

Table 4.7. Comparison of studies related with Pimozide detection. 

 

4.2.5.2  Repeatability, Stability and Reproducibility  

 The accuracy and precision of the designed sensor was evaluated by inter-day 

and intra-day determinations of PZ and calculation of their relative standard deviation 

under optimized conditions. Intra-day and Inter-day precision and accuracy were 

investigated by 5 successive measurements at the modified GCE for 15 µM PZ in 0.1 

M H2SO4 solution as shown in Fig. 4.26 A and B. A comparison of the current intensity 

suggests good repeatability of the developed sensor for the detection of PZ.  

The stability of the designed nanosensor was studied by incubating the modified 

GCE in 0.1 M H2SO4 solution over periods of two weeks. It was observed that the NH2-

fMWCNT/ZnONPs/GQDs modified GCE retained 97 % of its initial IP (Fig. 4.26 C), 

demonstrating good stability of the designed sensing platform. Five different GCEs 

were modified by applying the same procedure of modification to test the 

reproducibility of the designed method and their voltammograms were recorded by 

DPV (Fig. 4.26 D). No substantial change was noticed in the EP and IP signals for the 

5 modified GCE surfaces, indicating acceptable reproducibility of the proposed 

procedure for PZ detection. The RSD % calculated for these five experiments are listed 

in Table 4.6. As can be seen, the RSD values of the measurements are not greater than 

Electrode Detection 

method 

Linearity 

range (M) 

LOD  

(M) 

LOQ 

(M)  

Ref 

Bare GCE DPV 8.0 107 

-1 ×10-4 

6.0 

107 

- 271 

CNF-CuFe2O4/CPE DPV 9.0 109  

- 5.0 ×10-4 

2.3 

1010 

7.7×1010     286 

NH2-

fMWCNT/ZnO/GQDs/ 

GCE 

DPV 6.3 1011 

- 1.2 107 

1.0 

1011 

3.1×1011  This 

work 
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2%. These results authenticate good accuracy and precision of the designed procedure 

of the sensor fabrication. 
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Fig. 4.26 Repeatability of modified electrode in 15 µM of PZ (A) within a day (B) inter-days 

and (C) after 15 days (D) reproducibility at five modified GCEs in 0.1 M H2SO4 

solution. 

4.2.5.3 Interference Studies 

Selectivity of the designed electrochemical nanosensor for the assay of PZ was 

tested using 500-fold higher concentration of interfering agents such as AA, UA, 

dopamine (DA), paracetamol (PA), sucrose and magnesium phosphate with the help of 

DPV (see Figs. 4.27 A and B). These interfering agents were individually added into 

the solution of 0.1 µM PZ. Very small changes in current values of PZ along with 

foreign species shows high tolerance of the designed sensor. The DPV results show that 

the designed sensor has the ability to maintain its integrity even in presence of 500-fold 
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greater concentration of these biological interfering agents. Thus, the designed 

electrochemical sensor is selective for the target analyte.  
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Fig. 4.27 A) DP Voltammograms of 0.1 µM PZ at NH2-fMWCNT/GQDs/ZnONPs/GCE in 

presence of  500 times more concentration of (A) paracetamol (PA); (B) uric acid 

(UA); (C) sucrose; (D) magnesium phosphate; (E) ascorbic acid (AA); (F) 

dopamine (DA); B) Ip values of the compounds in 0.1 M H2SO4 as supporting 

electrolyte. 
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4.2.6 Practical Applications 

To evaluate the performance of designed method, the fabricated electrode was 

subjected to measure PZ in dosage form, human serum and urine samples using the 

standard addition method. Linear ranges for both urine and serum solutions were 

obtained individually, and then used these calibrations curves for urine and serum 

analyses. The calibration curve of standard solutions were not used since the 

determination of the PZ in serum and urine could not be made by interpolation in the 

calibration diagram constructed with standard solutions. The results are summarized in 

Table 4.8. The recoveries ranging from 98.6% to 99.2% suggest applicability of the 

proposed method for the quantification of PZ in commercial samples. 

Table 4.8. Tablet analyses and results of recovery studies. 

Calculated Parameter Nörofren® Serum Urine 

Labeled claim (mg) 2.00 - - 

Amount found (mg)a 1.99 - - 

RSD% 0.60 - - 

Bias% 0.4 - - 

Added (mg) 5.00 5.00 5.00 

Found (mg)a 4.99 4.97 4.95 

Average recovery % 99.99  99.50  99.03 

RSD% of recovery 0.31 0.97 1.30 

Bias% 0.13 0.51 0.96 

[a]Each value is the mean of five different readings. 
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4.3  CQDs/NH2-fMWCNT/AgNPs/GCE for the Analysis of anti-HIV 

Drug Rilpivirine 

 An electrochemical sensor based on CQDs co-catalyzed by NH2-fMWCNT and 

silver nanopartilces (AgNPs) was developed to detect anti-HIV drug rilpivirine in 

standard solution and pharmaceutical tablet as well as in biological samples. The 

detailed results of the designed sensor for detection of rilpivirine are explained in the 

following subsections; 

4.3.1 EIS and CV Characterization of bare and modified GCE  

EIS measurements were conducted on the unmodified and the modified GCE 

using 5 mM potassium ferrocyanide and 3 M KOH solution. The results are represented 

in Fig. 4.28 (A) in the form of Nyquist plot, demonstrating a semicircle in the high 

frequency region along with a straight line in the low frequency region. The Nyquist 

plots at the modified electrodes represent a relatively smaller semicircle as compared 

to the bare GCE suggesting faster ET at the surface of modified electrodes. For 

analyzing impedance data, an equivalent circuit (inserted in Fig. 4.28 (A)) was used. 

Parameters obtained after fitting the data are listed in Table 4.9. The Rct of the modified 

electrodes reduced after the bare GCE was modified with CQDs, NH2-fMWCNT and 

AgNPs due to high surface to volume ratio and higher electrocatalytic behavior of 

CQDs, NH2-fMWCNT and AgNPs. With the formation of CQDs, NH2-fMWCNT and 

AgNPs nanocomposite, the diameter of semicircle of CQDs/ NH2-fMWCNT/AgNPs 

modified GCE was reduced compared to the other individually modified electrodes. 

The reason may be the synergistic effect of these materials that could cause improved 

ET kinetics at the interface between solution and electrode. Moreover, the decrease in 

Rct values can be related to the electroactive area of the modified GCE. To ensure this, 

electro-active surface areas of the modified and bare electrodes were evaluated from 

cyclic voltammograms shown in Fig. 4.28 (B).   

The IP values at various scan rates are were plotted against ѵ1/2 according to the 

equation (2.3), and effective surface area was estimated from the slope values. Table 

4.9 enlists the values of active surface area of each modified electrode. An increase in 
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surface area was observed after modification. It can be seen that CQDs/NH2-

fMWCNT/AgNPs modified electrode has greater active surface area as compared to 

other solely modified electrodes, which means CQDs/NH2-fMWCNT/AgNPs modified 

GCE provides greater surface area to catalyze the respective reaction on its surface and 

facilitates the reaction more efficiently. The results obtained from cyclic voltammetry 

are in good agreement with the EIS. The decrease in Rct and increase in effective surface 

area offer evidence about the successful modification of the electrode and it points out 

that CQDs/NH2-fMWCNT/AgNPs nanocomposite modified GCE is a suitable platform 

for electro sensing of the analytes.  
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Fig. 4.28 (A) Nyquist plots and (B) Cyclic voltammograms (100 mVs1) recorded at; a) Bare 

GCE b) NH2fMWCNT; c) CQDs/NH2fMWCNT d) CQDs/NH2fMWCNT/AgNPs 

modified GCE in 5 mM K4Fe(CN)6 + 3 M KOH solution. Frequency range is from 

0.1to 100 kHz for EIS. 

 

Table 4.9. Parameters calculated from the Nyquist plots and cyclic voltammograms. 

Electrode Re 

/(Ω) 

Rct/103
 

(Ω) 

CPE / 

(µF) 

Active surface 

area (cm2) 

Bare GCE 29.8 4.43 1.33 0.03 

NH2-fMWCNT/GCE 24.8 2.59 1.18 0.05 

CQDs/NH2-fMWCNT/GCE 22.4 1.12 1.23 0.06 

CQDs/NH2-

fMWCNT/AgNPs/GCE 

18.1 0.247 0.70 0.08 
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4.3.2 Surface Characterization of the CQDs/NH2-fMWCNT/AgNPs    

Modified GCE 

In order to modify the surface of GCE, CQDs/ NH2-fMWCNT /AgNPs were 

anchored via layer-by-layer approach. Surface morphology of the CQDs/NH2-

fMWCNT/AgNPs modified GCE was determined by SEM armed with EDX analysis. 

SEM images provided an exmination of morphological features of modified GCE. The 

surface morphologies of (A) bare GCE (B) NH2-fMWCNT, (C) NH2-fMWCNT/AgNPs 

and (D) CQDs/NH2-fMWCNT/AgNPs portrayed by SEM images are shown in Fig. 

4.29. The surface of bare electrode looks like a smooth and dark surface, while NH2-

fMWCNT looks as randomly distributed tubes that completely cover surafce area of 

GCE. (C) represents well deposited AgNPs on the surface of NH2-fMWCNT. The 

CQDs and NH2-fMWCNT providing greater porosity may considerably increase the 

electroactive surface area of CQDs/NH2-fMWCNT/GCE, so these are expected to 

accumulate higher amount of AgNPs on their surface. AgNPs were deposited on CQDs/ 

NH2fMWCNT/GCE to form a third layer. AgNPs further increased the electroactive 

surface area of the CQDs/NH2fMWCNT/AgNPs /GCE (see Table 4.9). The SEM of 

CQDs/NH2-fMWCNT/AgNPs/GCE shows up as NH2-fMWCNT embed the CQDs and 

AgNPs in its structure. Such interconnected CQDs/NH2-fMWCNT/AgNPs system may 

build up electrical conduction pathway throughout the entire nanocomposite, which is 

responsible for the electrical conductivity and electrochemical sensing. Fig. 4.29 E 

shows the EDX spectra, which confirms the presence of AgNPs, NH2-fMWCNT, and 

CQDs on the electrode surface. 

  

(B) (A) 
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Fig. 4.29 (A) SEM images of Bare GCE; (B) NH2-fMWCNTmodified GCE; (C) NH2-

fMWCNT/AgNPs  modified GCE; (D) CQDs NH2-fMWCNT/AgNPs  

modified GCE; (E) EDX spectra of CQDs/ NH2fMWCNT/AgNPs. 

4.3.3 Electrochemical Behavior of Rilpivirine  

The electrochemical response of RIL was investigated on the CQDs/NH2-

fMWCNT/AgNPs nanocomposite modified and bare GCE in the 0.5 M H2SO4 solution 

as a SE. At the bare GCE (Fig. 4.30 a), RIL shows an irreversible behavior with two 

oxidation peaks at EP1 =1.238 V and EP2 =1.423 V with anodic peak current of IP1= 2.320 

µA and IP2 = 1.170 µA, respectively. However, at CQDs/NH2-fMWCNT/AgNPs 

modified electrode (Fig. 4.30 b) the oxidation peaks currents of RIL are significantly 

increased with IP1= 65.49 µA and IP2 = 36.743 µA, respectively. Thus, the enhancement 

in peak currents along with the decrease in the peak potentials at the modified electrode 

signify that the CQDs, NH2-fMWCNT and AgNPs exhibits efficient electrocatalysis 

towards oxidation of RIL. In addition to the electrocatalytic activity of these 

(C) (D) 

(E) 
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nanocomposites, the better response of CQDs/NH2-fMWCNT/AgNPs modified GCE in 

comparison to NH2-fMWCNT/GCE, CGQs/GCE and bare electrode can be ascribed to 

the difference in electroactive surface areas. The CQDs increases the space for the 

attachment of more amount of NH2-fMWCNT, which further enhanced the electroactive 

surface area of the CQDs modified GCE due to sp2 hybridization of MWCNTs, resulting 

in the π-π interactions between the adjacent layers of MWCNTs forming more structural 

defects for attracting more AgNPs on the surface. Thus the formation of greater active 

surface area CQDs/NH2-fMWCNT/AgNPs electrochemical sensor improves the 

electrode kinetics and enhances the electrocatalytic effect of RIL to attain IP1= 65.49 µA 

and IP2 = 36.743 µA as already confirmed by EIS and CV results. Among the pulse 

techniques, DPV was used in order to verify the CV results as it has several advantages 

including its high sensitivity, good resolution and lower background currents. It has 

become the analytical technique of potential interest for research as it allows analysis of 

multi-component analyte system with high sensitivity. Keeping these characteristic 

features in consideration, DPV was used for the investigation of RIL. DP 

voltammograms of 40 µM RIL were recorded with different modified electrodes and 

bare GCE as shown in Fig. 4.30 (B). Similar to CV, two oxidation peaks were observed 

corresponding to the amine groups of the RIL. One can see that the COOH-fMWCNT 

modified electrode increases the intensity of only one peak; moreover, on combination 

with CQDs its electrocatalytic activity is declined. In contrast, the intensity of both 

peaks increases on modification of electrode with NH2-fMWCNT, CQDs/NH2-

fMWCNT, and CQDs/NH2-fMWCNT/AgNPs. The CQDs/NH2-fMWCNT/AgNPs 

modified GCE shows the highest peak current among the modified electrodes. The first 

oxidation peak at the nanocomposite modified GCE is nearly 17 times greater than that 

at bare electrode. However, the most stunning results were obtained with CQDs/NH2-

fMWCNT/AgNPs/GCE with maximum increase of current that could best be ascribed 

to the symbiotic effect of the components of CQDs/NH2-fMWCNT/AgNPs 

nanocomposite modified electrode. They trap RIL within their porous structure and 

provide more binding site, thus significantly contributing towards accumulation of more 

of RIL at the modified GCE surface.  
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Fig. 4.30 (A) Cyclic voltammograms of 1 105 M RIL at; a) Bare GCE (also inset)  b) 

NH2-fMWCNT/CQDs/AgNPs modified GCE in 0.5 M H2SO4; (B) DPV of 40 

µM RIL at (a) Bare electrode (b) COOH-fMWCNT/CQDs modified electrode 

(c) NH2-fMWCNT modified electrode (d) COOH-fMWCNT modified electrode 

(e) NH2-fMWCNT/CQDs modified electrode (f) NH2-fMWCNT/CQDs/AgNPs 

modified GCE in 0.5 M H2SO4 solution. 
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4.3.4 Optimization of Experimental Conditions 

 Experimental conditions were optimized for getting the maximum current 

response. The details are presented here:  

4.3.4.1 Optimization of the Amount of CQDs, NH2-fMWCNT and AgNPs  

All the techniques as layer-by-layer or mixing, or the sequence changing were 

tried and CQDs/NH2-fMWCNT/AgNPs modified electrode demonstrating the best 

results was used for further studies. After selection of the modifying agents, the next 

very important step is optimization of the amounts of modifying agents on the surface 

of electrode. The influence of amount of CDQs, NH2-fMWCNT and AgNPs as modifier 

on the electrode surface was investigated by varying their composition (Fig. 4.31). 

Different ratios of modifying agents were tried by changing the ratio of one modifier 

while keeping fixed ratio of other two modifiers. It was then observed that the Ipa of both 

peaks increased with increasing amount of these three nanomaterials up-to ratio of 5:5:5 

µL; beyond this ratio, a decrease in the intensity of peaks current was noticed. As a 

result, ratio of 5:5:5 µL was selected as the optimum coated amount for the preparation 

of CQDs/NH2-fMWCNT/AgNPs for the electrode surface. 

 

Fig. 4.31 DPV of (a) CQDs/NH2-fMWCNT/AgNPs modified GCE in 0.5 M H2SO4 (without 

drug), DPV of 50 µM RIL at (b) 10:10:10 ratio of CQDs/ NH2-fMWCNT/AgNPs 

modified GCE (c) 7:7:7 ratio of CQDs/NH2-fMWCNT/AgNPs modified GCE (d) 

3:3:3 ratio of NH2-fMWCNT/CQDs/AgNPs modified GCE (e) 5:5:5 ratio of NH2-

fMWCNT/CQDs/AgNPs modified GCE in 0.5 M H2SO4 solution. 
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4.3.4.2 Effect of pH  

In general, it is critical to select buffer solution in voltammetric analysis. The 

pH of the SE has a prominent effect on the redox reactions of analytes in the light of 

the fact that, protons are constantly engaged with the electron transfer processes and 

apply a critical impact on the peak current and potential. With this consideration, the 

impact of pH of SE on the oxidation peak potentials and currents of RIL was studied in 

the pH range from 0.1-6.5 employing phosphate and acetate buffer and sulphuric acid 

solution. The RIL response disappeared at pH 7.0 and higher pH values. It was observed 

that with the gradual increase in pH of the SE, the Ep1 and Ep2 shifted towards less 

positive values, which demonstrate the involvement of protons during the oxidation 

process. At very low pH values, both anodic peaks are well resolved and clearly 

separated from each other. As the pH increased, the anodic peaks current decreased and 

above pH 5.7, both peaks became unsymmetrical and tended to merge with each other 

as shown in Fig. 4.32 (A). Over the pH range 0.1-6.5, the peak potentials Ep1 and Ep2 

of RIL varied linearly as a function of pH see Fig. 4.32 (B). The values of slopes 

suggested that an unequal number of protons and electrons are participating in the 

oxidation reactions of RIL for both peaks, according to Nernst equation. The results 

showed that the largest IP and the best peak shape for RIL are obtained in 0.5 M H2SO4 

solution and thus this SE was selected for further electroanalytical studies.  

Ep - pH behavior followed the following linear regression equations: 

Ep1 (V) = 1.062 - 0.0276 pH; (R2 =0.998)       (4.14) 

Ep2 (V) = 1.223 - 0.0262 pH; (R2 =0.999)        (4.15) 

 The equation (4.14) is for first peak and equation (4.15) is for second peak of 

RIL in 0.5 M H2SO4. The value of R2 =0.998 from both equations shows the linear 

relationship between the peaks potential and pH of the solutions. 
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Fig. 4.32 (A) Anodic DPVs of 25 µM RIL solution using CQDs/NH2-fMWCNT/AgNPs/GCE 

in different pH (0.1-6.5); (B) Plots of Ep1 and Ip1 vs. pH and Plots of Epa2 and Ipa2 

vs. pH. 
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4.3.4.3 Influence of Scan Rate  

From the electrochemical studies, information, about oxidation/reduction 

mechanisms, nature of the reaction on the electrode surface either diffusion or 

adsorption controlled and kinetics parameters are normally can be attained from the 

peak current/potential and scan rate relationships. Therefore effect of scan rates on 

oxidation peak currents of RIL was evaluated by CV. Fig. 4.33 shows the CVs of 

1.0105 M RIL at various scan rates (5−100 mVs1) using CQDs/NH2-

fMWCNT/AgNPs/GCE. It is evident from the scan rate effect on the RIL system that 

intensity of peaks current (IP1 and IP2) increases with increase of scan rate and peaks 

potentials (EP1 and EP2) are shifted towards more positive values. The positive shift in 

the peaks potentials with the scan rate corresponds to irreversible nature of electron 

transfer processes.  
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Fig. 4.33 Cyclic voltammograms of 1105 M RIL in 0.5 M H2SO4 solution as supporting 

electrolyte using CQDs/NH2-fMWCNT/AgNPs modified GC electrode at 

various scan rates (5-100 mVs1). 

To confirm that the electrode process is either controlled by adsorption or by 

diffusion, the relation between logarithms of peak currents were plotted versus log ν 

and straight lines were obtained (Fig. 4.34A) according to the following expressions: 
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 log Ip1 (µA) = 0.997 log ν (mVs1) – 0.060 (R2 = 0.997)           (4.16) 

 log Ip2 (µA) = 1.092 log ν (mVs1) – 0.624 (R2= 0.999)          (4.17) 

Literature survey reveals that the slope value of the log Ip versus log ν close to 

0.5 represents diffusion-controlled electrode process, whereas close to 1 suggests an 

adsorption-controlled process. In equations 4.16 and 4.17, the value of slope is near to 

the reported value of 1 for peak 1 and for peak 2 which suggest that the processes are 

adsorption controlled. Moreover, peak current versus scan rate was plotted (Fig. 4.34B) 

and a linear relationship was achieved according to following equations: 

    Ip1 (µA) = 0.646 ѵ (mVs1) + 0.300 (R2 = 0.999)                        (4.18) 

    Ip2 (µA) = 0.366 ѵ (mVs1)  0.86 (R2 = 0.999)   (4.19) 

These linear relationship between peak currents (Ip1 and Ip2) and scan rate also 

confirm that adsorption mechanism is involved in the oxidation of RIL at the surface of 

CQDs/NH2-fMWCNT/AgNPs/GCE.  The adsorption characteristics of RIL oxidation is 

further substantiated by nonlinear dependence of Ip on the ѵ1/2 which is depicted from 

the plots of Ip1 and Ip2 versus ѵ1/2 (Fig. 4.34C). The low R2 values of 0.956 and 0.954 for 

peak 1 and peak 2, in the plot of Ip versus ѵ1/as compared to R2 values in Ip1 and Ip2 

versus ѵ plots suggest that the oxidation of RIL is under, adsorption, controlled. 

Ip1 (µA) = 7.808 ѵ1/2 (mVs1)1/2 -18.167 (R2 = 0.956)           (4.20) 

Ip2 (µA) = 4.418 ѵ1/2 (mVs1)1/2 -11.269 (R2 = 0.954)            (4.21) 

 The dependence of the EP1 and EP2 and log ѵ (Fig. 4.34D) gave a linear 

relationship with regression equations of 4.22 and 4.23 according to Laviron equation 

for irreversible system. 

EP1 (V) = 0.0502 logѵ (Vs1) +1.255 (R2 = 0.999)            (4.22) 

EP2 (V) = 0.055 logѵ (Vs1) +1.433 (R2 = 0.999)                              (4.23) 
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From the slope of these equations (4.22) and (4.23), number of electrons was 

calculated for peak 1 and peak 2, which are 2.35 and 2.13 respectively, which indicate 

that totally 4 electrons are participating in the oxidation reaction of RIL. To find out the 

electrode surface coverage of the adsorbed molecules following equation was employed; 

IP  = n2F2A Ґ ѵ/4RT                                     (4.24) 

Where n = number of electron, Ґ the surface coverage of the adsorbed molecules 

that gives information about the behavior of electrochemical sensor. Rest of the symbols 

have their standard meanings. From IP versus ѵ plot the estimated the estimated Ґ is 2.48 

1010 mol.cm2 and 1.40 1010 mol.cm2 for peak 1 and peak 2, respectively.  
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Fig. 4.34 (A) plot of Log of anodic peak currents vs. Log of scan rate; (B) plot of anodic peak 

currents vs scan rate; (C) Linear dependence of anodic peak currents vs. square root 

of scan rate; (D) plot of anodic peak potential vs log of scan rate. 
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4.3.4.4 Possible Oxidation Mechanism for RIL 

For the investigation of the oxidation mechanism of RIL, the redox responses 

of two model compounds Zalcitabine (ZAL) and Diclofenac (DIC) were studied in 

media of different pH using 0.5 M H2SO4, PB solutions of pH 3.0 and pH 7.0 by 

conducting CV at 100 mV/s (Fig 4.35). Pyrimidine and aniline groups were checked 

for oxidation mechanism of RIL. Zalcitabine did not give similar behavior as RIL due 

to inactivity of pyrimidine structure (RIL has also pyrimidine part) in pH 3 PB and in 

0.5 M H2SO4. In pH 7.0 PB, no noticeable peaks for the three drugs were observed, like 

the behavior of RIL evident from pH profile studies discussed in section 4.3.4.2, Fig. 

4.32 A. However, in 0.5 M H2SO4 diclofenac gave one irreversible and well-defined 

anodic peak at 0.85 V because of aniline structure (Fig. 4.35 B.). Two anodic peaks of 

RIL were observed approximately at 1.2 V and 1.4 V. These two signals may come 

from two N-substituted aniline groups, which have nitrile and cyanovinyl substituents 

at para position. Cyanovinyl substituted aniline (An1) structure may require lower 

potential for oxidizing nitrogen atom on the aniline due to the presence of conjugation 

and vinyl chain287,288. However, nitrile substituted aniline structure may require high 

potential to oxidize nitrogen on the aniline (An2). Nitrile groups are well-known 

electron donors, so that the oxidation of aniline is shifted to more positive values 

comparing to aniline group on diclofenac compound. Nitrogen atom of substituted 

aniline may be responsible for the anodic response of RIL. It can be proposed that the 

radical formation occurs on nitrogen atom due to deprotonation and concomitant loss 

of electron. In the following step, carbocation formation is expected to occur because 

of electron removal. At the end, stable structure of RIL is obtained. According to the 

above possible mechanism, the pathway of RIL oxidation can be shown by the 

following reactions (Scheme 4.2). 
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Fig. 4.35 CVs of model drugs for mechanism. A) 50 µM RIL and 50 µM ZAL in pH 3.0 PB, 

B) 50 µM RIL and 50 µM DIC in 0.5 M H2SO4 C) 50 µM RIL and 50 µM DIC in pH 

3.0 PB D) 50 µM RIL and 50 µM DIC pH 7.0 PB solutions. 
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Scheme 4.2 Possible oxidation mechanism of RIL. 

4.3.4.5  Influence of Accumulation Parameters  

Accumulation step is broadly utilized in electroanalytical science to accumulate 

analyte at the surface of electrode and enhance the sensitivity. The dependence of 

current of the anodic peaks of RIL on AP was probed by DPV over the range of 0-0.9 
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V as depicted in Fig. 4.36 A&B. The decrease in the intensity of peak currents (IP1, IP2) 

was observed with change of AP from 0 to 0.9 V. Moreover, the intensity of anodic peak 

currents (IP1, IP2) amplified gradually with the rise of AT upto 60 s. With time longer 

than 60 s, peak current decreased and almost unchanged which pointed to the complete 

coverage of electrode surface within 60 s (see Fig. 4.36 C&D). Therefore, 0 V was 

selected as optimum accumulation potential and 60 s as optimum accumulation time for 

both peaks. 
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Fig. 4.36 Effect of accumulation potential (A) & (B) and accumulation time (C) & (D) on 

peak currents of 10 µM RIL using CQDs/NH2-fMWCNT/AgNPs/GCE in 0.5 M 

H2SO4. 
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4.3.5 Analytical Performance  

4.3.5.1 Voltammetric Determination 

The DPV was employed to study the relationship between the IP and 

concentration of RIL, in order to check the practicability of the designed sensor for the 

quantitative measurement of RIL. Under optimum conditions, when the, concentration 

of RIL changed from 1.0,to,7.0 109 M, a dynamic linear relationship was observed 

between the concentrations of RIL and the peak currents (IP1 & IP2) as shown in Fig. 

4.37A. The regression equations were IP1 (µA) = 124.08C + 1.0 107 (R2 = 0.998) and 

IP2 (µA) = 37.31C + 3.0 108 (R2 = 0.999) for peak 1 and peak 2, respectively. The 

slopes of the two calibration curves (inset B) were used to determine the LOQ and the 

LOD using the equations (4.7 & 4.8).  The LOQ and LOD were found to be 6.40 1011 

M and 1.94 1010 M, 3.00 1011 M and 9.08 1011 M, for peak 1 and peak 2, 

respectively in 0.5 M H2SO4. RIL was also determined in biological samples (Human 

serum and urine) (see Fig. 4.37 C & E) and linear analytical plots were obtained in the 

range of 3-15 nM (see inset D& F). The parameters calculated from the analytical 

curves are given in Table 4.10.  

4.3.5.2 Repeatability, reproducibility and Stability  

To check the reproducibility of the proposed method, five different GCEs were 

prepared independently and used for the determination of 2.5  106 M RIL in the same 

day. Moreover, reproducibility of the nanosensor between days was also calculated and 

their relative standard deviation (RSD %) values are listed in Table 4.10. The RSD 

values less than 2% in supporting electrolyte and less than 5% in biological samples 

indicate good reproducibility of the proposed method. The inter-day and intra-day 

repeatability of the modified electrode were also investigated. To check repeatability, 

RSD% value of five successive measurements of peaks current of 2.5 µM at the 

modified electrode was calculated inter-day and intra-day (see Table 4.10). The 

stability of method was tested in the same concentration of RIL after four weeks. No 

significant change was observed in the current response of peaks after several DPV 
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measurements. The RSD was found less than 2% thus suggesting excellent stability and 

repeatability of the designed nanosensor. 

 

0.8 1.0 1.2 1.4

0.0

0.2

0.4

0.6

0.8

1.0

1nM

I 
(

A

)

E /(V) vs. Ag/AgCl

A

7nM

B

0.8 1.0 1.2 1.4

0.00

0.05

0.10

0.15

0.20

0.25

0.30

 

 

I 
(

A

)

E /(V) vs. Ag/AgCl

C

15nM

3nM

D

 

0.8 1.0 1.2 1.4

0.00

0.05

0.10

0.15

0.20

 

 

I

(

A
)

E /(V) vs. Ag/AgCl

15nM

3nM

E F

 

Fig. 4.37 (A) AdSDPV obtained at the CQDs/NH2-fMWCNT/AgNPs/GCE for RIL (in 0.5 M 

H2SO4) at different concentrations; inset (B) is the calibration plot for RIL, (C) 

relationship of peaks current response to different concentration of RIL in the 

Human serum and (E) in urine; insert (D & F) are the calibration curves in serum 

and urine samples, respectively under optimum condition (i.e. tac = 60 s, Eac= 0 V 

and 0.5 M H2SO4 as supporting electrolyte). 
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Table 4.10. Regression data of the calibration curves for the detection of RIL. 

Calculated 

Parameter 

RIL in 0.5 M 

H2SO4 solution  

 RIL in Serum  

 

RIL in Urine  

 Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2 

Linear range 

 (× 109 M) 

1-7  1-7 3-15 3-15 3-15 3-15 

Slope 

(µAM1) 

124.08 37.31 14.64 

 

4.547 

 

10.253 

 

3.1639 

 

Standard 

error of slope 

0.02 0.01 0.99 0.03 0.07 0.02 

Intercept 

(µA) 
1.0010

7 

1.0010

8 

3.2810

8 

8.9110

9 

 

2.1110

8 

6.2010
9 

Standard 

error of 

intercept 

1.05×10

8 

2.70×10

9 

1.90×10

9 

2.9410

10 

7.1110

10 

1.7610
9 

Correlation 

coefficient 

0.998 0.999 0.999 0.999 0.998 0.997 

LOD (M) 3.00×10

11 

6.40×10

11 

1.79×10

10 

4.47×10

10 

5.26×10

10 

8.27×10
10 

LOQ(M) 9.08×10

11 

1.94×10

10  

5.42×10

10 
1.36×10

9 

1.59×10

9 

2.51×10
9 

Intra-day 

repeatability 

(RSD %) * 

0.01 0.03 1.08 1.05 1.21 1.60 

Inter-day 

repeatability 

(RSD %)* 

0.05 0.07 1.20 1.26 1.43 1.96 

Stability 

after 4 weeks 

(RSD %)* 

0.50 0.02 1.18 1.84 1.44 1.13 

Reproducibil

ity 

within-day 

(RSD %) * 

0.22 0.08 2.29 1.88 2.51 2.54 

Reproducibil

ity between 

days (RSD 

%)* 

0.90 1.19 2.59 2.03 2.56 2.66 

* Each value is average of five measurements. 
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4.3.5.3 Interference Study  

Some electroactive species in serum and the other auxiliary related medications 

may disturb the performance of a nanosensor. So the selectivity of the designed method 

toward RIL was examined by introducing some biological interfering agents for 

example, glucose, ascorbic acid (AA), uric acid (UA), and dopamine (DP). These 

compounds were individually introduced in 0.5 M H2SO4 containing 20 nM of RIL to 

investigate the selectivity of the method. Fig. 4.38 A & B elucidate that current response 

of both peaks of RIL on modified electrode are not distinctly affected when 500-fold 

more concentrated solution of each interfering agents were present in the same solution. 

These findings reveal the ability of the designed sensor to maintain its robustness even 

in the presence of excess amount of interfering agents. 
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Fig. 4.38 (A) AdSDPV current response of 20 nM RIL at CQDs/NH2-fMWCNT/AgNPs 

modified electrode using 0.5 M H2SO4 as supporting electrolyte in the 

presence of interfering agents; (B) Effect of (A) pure RIL (B) ascorbic acid, 

(C) uric acid, (D) Mg2+, (E) Fe2+, (F) dopamine (G) glucose on the peak 

currents of RIL under optimum conditions. Black is Ip1 and red is Ip2, for pure 

RIL, pink is Ip1 and green is Ip2 in the presence of interfering agents. 
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4.3.6 Application of the Proposed Method  

In order to check the validity, feasibility and accuracy of the designed sensor, 

the standard addition method was applied to assay RIL in Edurant® tablet dosage form, 

using the obtained analytical equation. The preparation of the pharmaceutical samples 

is given in experimental section 3.7.3. An examination of Table 4.11 depicts that the 

content values measured by the designed sensor for the commercial tablets form are 

very close to the claimed amount. 

 

Table 4.11. Recovery results obtained from the analysis of RIL in biological fluids and 

dosage form. 

* Each value is average of five measurements. 

To check the reliability of the proposed sensor for practical applications, 

recovery experiments were performed in pharmaceutical dosage form, human urine and 

serum samples by standard addition method using CQDs/NH2-fMWCNT/AgNPs 

modified electrode. The obtained results are given in Table 4.11. The excellent 

recoveries in the range between 98.5% and 100.47 % illustrate the effectiveness and 

Calculated 

Parameter 

Edurant® tablet dosage 

form 

Serum Urine 

 Peak 1             peak 2 Peak 

1 

Peak 

2 

Peak 

1 

Peak 

2 

Labeled claimed 

(mg) 

25.00                  25.00 - - - - 

Amount found 

(mg) 

 24.99                 24.99 - - - - 

RSD % 1.57                  2.13 - - - - 

Bias% 0.02 0.03 - - - - 

Amount added 

(mg) 

10.00 10.00 10.00 10.00 10.00 10.00 

Found*(mg) 10.04                  10.01 9.98 9.91 9.89 9.86 

Average recovery 

% 

100.47               100.18 99.86 99.14 98.86 98.57 

RSD % 0.83                  1.05 2.26 2.45 1.81 1.43 

Bias% - 0.48              -0.186 0.07 0.87 1.14 1.14 
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reliability of the developed method for pharmaceutical dosage form and real sample 

analysis. Obviously, these results show that the fabricated sensor is not affected from 

any matrix interferences coming from the excipients present in dosage form, 

endogenous substances from serum and urine samples, due to electrochemical inertness 

of these excipients and/or inactive ingredients. Therefore, the RIL amount can be 

quantitatively determined by the designed sensor, thus guaranteeing the accuracy of the 

voltammetric measurement of the RIL in routine pharmaceutical analysis and real 

sample. 

4.4 NH2-fMWCNT/TiO2/GCE for the Assay of Nadifloxacin 

 A voltammetric sensor based on NH2-fMWCNT/TiO2/GCE nanocomposite was 

fabricated to analyses antibacterial drug Nadifloxacin in formulation forms and 

standard solution. The detail outcomes of the developed method for detection of 

Nadifloxacin are described in the succeeding subsections; 

4.4.1 Electrochemical Characterization NH2-fMWCNT/TiO2/GCE  

EIS measurements of both bare and NH2-fMWCNT/TiO2 NPs modified 

electrodes were performed in 5 mM potassium ferrocyanide solution. Fig. 4.39 (A) 

represents the observed Nyquist plots obtained using modified and unmodified working 

electrodes. The higher diameter of the semicircle obtained at bare GCE than modified 

GCEs, shows higher Rct at the bare electrode. The results of fitting the impedance data 

to the equivalent circuit model are listed in Table 4.12. Inset of Fig. 4.39 (A) is the 

equivalent circuit employed for fitting the data. The Rct of the modified GCEs decreased 

after the bare electrode was modified with NH2-fMWCNT and TiO2 NPs because of 

high surface to volume ratio and consequent availability of more active sites for the 

redox probe. From the Rct values, the electron transfer kinetic was found faster at the 

electrode modified with nanocomposite of NH2-fMWCNT/ TiO2 NPs as compared to 

the electrode modified with NH2-fMWCNT and TiO2 NPs individually. The NH2-

fMWCNT/TiO2 NPs nanocomposite modified GCE showed a smaller semicircle with 

Rct value of 24.4 Ω when compared with NH2-fMWCNT and TiO2 NPs (363 and 546 

Ω) respectively, revealing faster electron transfer kinetics at NH2-fMWCNT/ TiO2 NPs 
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nanocomposite modified GCE. This can be associated to the synergistic effect of 

MWCNT and TiO2 NPs leading to enhances ET at the sensor surface. The fast electron 

transfer at the NH2-fMWCNT/ TiO2 NPs/GCE can also be ascribed to the excellent 

conductivity of NH2-fMWCNT, acting as a good electron conducting wire between 

TiO2 NPs and the surface of GCE.  

The observed decrease in the Rct value for NH2-fMWCNT/TiO2NPs 

nanocomposite modified GCE can additionally be ascribed to the increase in the 

electrode surface area when immobilized with NH2-fMWCNT/TiO2NPs. Electro-active 

surface area study gives a strong evidence for this behavior. Therefore, for the 

calculation of electro-active surface area of both bare electrode and NH2-

fMWCNT/TiO2NPs modified electrode an experiment was performed in 3M KOH 

solution containing 5 mM potassium ferrocyanide as redox probe using cyclic 

voltammetry technique. The resulting cyclic voltammograms are presented in Fig. 4.39 

(B). The IP values at various scan rates are plotted against ѵ1/2 according to the Randles 

Sevcik equation (2.3), electro-active surface area was estimated from the slope values. 

The calculated values for the modified and bare electrodes are tabulated in Table 4.12.   

The electro-active surface area of bare GCE (0.02 cm2) is less than the surface 

area of modified electrodes. It can be seen that with modification of bare GCE by NH2-

fMWCNT and TiO2 NPs individually, the active surface area has increased 2.5 and 2 

time respectively, while NH2-fMWCNT/TiO2NPs/GCE has the electrochemically 

active surface area about 4.5 times more than the bare electrode, well in agreement with 

the EIS results. The increase in active surface can be related to porous nature of 

MWCNT. The high electrical conductivity of MWCNT and TiO2 NPs, may cause 

higher ET efficiency between the electrode surface and the solution. Both CV and EIS 

results offer evidence of the successful modification of GCE with NH2-

fMWCNT/TiO2NPs nanocomposite in order to form nanosensor. Moreover, the 

lowering of resistance and increase in surface area indicate modified electrodes as 

suitable platforms for electro sensing of the target analytes. 
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Fig. 4.39 (A) Nyquist plots (at open circuit potential) and (B) Cyclic voltammograms (100 

mVs1) recorded at; a) Bare GCE b) TiO2NPs; c) NH2-fMWCNT; d) NH2-

fMWCNT/TiO2NPs modified GCE in 5 mM K4Fe (CN)6 +3 M KOH solution. 

Frequency range is from 0.1 to 100 kHz and amplitude is10 mV for EIS. 

 

Table 4.12. Parameters calculated from the Nyquist plots and cyclic voltammograms. 

Electrode  Re/(Ω) Rct/103
 

(Ω) 

CPE/ 

(µF) 

Active surface area 

(cm2) 

Bare GCE 599 1.53 1.98 0.02 

TiO2NPs/GCE 580 0.91 1.77 0.04 

NH2-fMWCNT/GCE 411 0.55 1.58 0.05 

NH2-

fMWCNT/TiO2NPs/GCE 

403 0.36 1.28 0.09 

 

4.4.2 Surface Morphological Characterization of the Modified GCE 

 SEM images of both modified and unmodified electrodes were taken to study 

the surface morphology. The resultant images gives a clear evidence for the successful 

modification of bare electrode with NH2-fMWCNT/TiO2NPs composite. The smooth 

surface of the bare GCE is shown in Fig. 4.40A. Fig. 4.40B represents TiO2 clusters 
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comprising of spherical particles homogeneously deposited on the GCE. Fig. 4.40C 

shows the electrode surface after modification with NH2-fMWCNT, which indicates 

that MWCNT are homogeneously distributed on the surface electrode forming a three-

dimensional network structure, which enable the modified GCE to have a much higher 

specific area for the sensing of analyte. 

This material has attracted enormous interest as a result of their novel structure, 

highly accessible surface, good stability, narrow distribution size good stability and low 

resistance. MWCNTs based electrochemical sensors are attractive alternatives for the 

sensing of various analytes. Moreover, MWCNTs play a role in improving the 

hydrophobicity of the surface, which prompts an increasingly steady potential signal by 

expelling the unfortunate water layer from the interface. The NH2-fMWCNT providing 

greater porosity may considerably increase the active surface area of GCE, so these are 

expected to accumulate more amount of TiO2NPs on their surface. Mixing of TiO2NPs 

with NH2-fMWCNT further improve the conductivity of MWCNT/GCE, signal 

response and the electroactive surface area of the NH2fMWCNT/ TiO2NPs /GCE (see 

Table 4.12). Fig. 4.40D shows the presence of TiO2 NPs along with MWCNTs on the 

electrode surface which are well dispersed on the surface and embedded inside the 

porous structure of NH2-fMWCNT/GCE.  The results show that the NH2-fMWCNT 

and TiO2NPs are successfully modified on the NH2-fMWCNT//TiO2NPs/GCE. Fig. 

4.40E shows the EDX spectra which confirm the presence of NH2-fMWCNT and TiO2 

NPs on the GCE electrode. 

 

(B) (A) 
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Fig. 4.40 SEM images of (A) Bare GCE; (B) TiO2NPs/GCE;  (C) NH2-fMWCNT/GCE; (D) 

NH2-fMWCNT/TiO2NPs/GCE. (E) EDX spectra of NH2-fMWCNT/TiO2NPs/GCE. 

 

4.4.3 Electrochemical Behavior of Nadifloxacin 

The electrochemical study of 50 µM nadifloxacin (NF) solution in 0.1 M H2SO4 

at a bare GCE and NH2-fMWCNT/TiO2NPs modified GCE was performed using cyclic 

voltammetry (Fig. 4.41A). The voltammograms show an irreversible oxidation peak at 

1.09 V (peak 1) and another less pronounced peak at 1.35 V (Peak 2) on bare electrode 

(Fig 4.41A inset). After modification with NH2-fMWCNT/TiO2NPs, only one broad 

peak appeared and unlike bare electrode, no wave was observed for the second peak.  

(C) (D) 

(E) 
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This behavior can be attributed to the faster ET on the NH2-

fMWCNT/TiO2NPs/GCE as a result of which only one broad anodic peak came to 

sight. In other word, I can say that the only one peak is being enhanced after 

modification may be due to fast oxidation of first peak as compared to other and 2 peak 

disappeared. No electrochemical response was observed for modified in blank solution. 

The remarkable enhancement in peaks current and shifting in peaks potential at NH2-

fMWCNT/TiO2NPs/GCE undoubtedly evidenced the electrocatalytic role of MWCNT 

and TiO2 NPs toward oxidation of NF. The ability of nanocomposite to stimulate 

transfer of electron also resulted in the incredible enhancement of Ip. Comparative 

current response of 40 µM NF at the bare GCE and NH2-fMWCNT/GCE, 

TiO2NPs/GCE and NH2-fMWCNT/TiO2NPs/GCE electrodes in 0.1 M H2SO4 solution 

was investigated DPV as shown in Fig. 4.41B. 
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Fig. 4.41 (A) Cyclic voltammograms of 50 µM NF at; a) Bare GCE (inset Fig. A) 

b) NH2-fMWCNT/TiO2NPs modified GCE in 0.1 M H2SO4; (B) DPV of 

40 µM NF at (a) Bare electrode (b) TiO2 modified electrode (c) NH2-

fMWCNT modified electrode (d) NH2-fMWCNT/TiO2NPs 

nanocomposite modified electrode in 0.1 M H2SO4 (f) NH2-

fMWCNT/TiO2NPs nanocomposite modified electrode in 0.1 M H2SO4 

without NF. 

Fig. 4.41B displays that when potential was scanned in the positive direction, 

two anodic signals appeared, one at +1.04 V (Peak 1) and the second one at +1.30 V 

(Peak 2) on bare GCE. Similarly, two oxidation peaks were noticed at all modified 

electrodes. Among all the modified GCEs (NH2-fMWCNT/GCE, TiO2NPs/GCE and 

NH2-fMWCNT/TiO2NPs/GCE), higher current signals were observed on NH2-

fMWCNT/TiO2NPs nanocomposites modified GCE. These outcomes are in 

concurrence with those obtained from EIS.  An enhancement in both peak currents was 

noticed and the peak potentials were shifted to +0.98 V (peak 1) and +1.26 V (peak 2) 

on the NH2-fMWCNT/TiO2NPs/GCE. This enhancement in peaks current and shifting 

in their potential at NH2-fMWCNT/TiO2NPs nanocomposites modified electrode could 

be ascribed to the electrocatalytic role of MWCNT and TiO2 NPs toward oxidation of 

NF. The improvement in electrocatalytic activity of NH2-fMWCNT/TiO2NPs 

nanocomposites over MWCNT or TiO2 NPs alone is attributed to synergy between two 
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conducting nanomaterials (MWCNT or TiO2 NPs) and the excellent electronic property 

of NH2-fMWCNT. In addition to the electrocatalytic activity of MWCNT and TiO2 

NPs, the better response of NH2-fMWCNT/TiO2NPs modified GCE in comparison to 

NH2-fMWCNT/GCE, TiO2NPs/GCE and GCE can be ascribed to the difference in 

electroactive surface areas and ET kinetics (see Table 4.12) ) leading to accumulation 

of more analyte over its surface with consequent intensification in peak current. 

Therefore, NH2-fMWCNT/TiO2NPs was selected as the best sensing platform to probe 

the electro-oxidation response of NF. As can be seen from CV and DPV results, first 

oxidation peak is sharper and well defined as compared to the second oxidation peak. 

Hence, all subsequent work was based on the measurement of the primary anodic peak. 

4.4.4 Performance Characterization of the Proposed Sensor  

The working potential of the proposed electrochemical sensor relies upon 

several experimental parameters including the influence of the amount of modifier 

suspension, influence of pH, effect of scan rate, influence of accumulation potential and 

time, linearity range, LOD and LOQ and interference study. In the following section, 

the experimental conditions were optimized to increase the sensitivity of the designed 

method toward NF detection. 

4.4.4.1 Optimization of the Amount of the Modifier  

Electron transfer kinetics through the porous film would be affected by varying 

the film thickness of the modifying agent on the electrode surface. In this regard, the 

impact of different amount of the NH2-fMWCNT/TiO2 NPs suspension was 

investigated on the DPV responses of NF (Fig. 4.42). The outcomes exhibited that by 

changing the volume of the modifier from 3 to 10 µL, the anodic peak current of NF is 

intensified. The enhancement of the Ip shows that the number of catalytic sites and 

effective surface area increased with an increase of NH2-fMWCNT/-TiO2NPs volume. 

Upon further increment in the amount of suspension, an improper mechanical property 

would be risen and the adherence of the modifier layer on the surface of electrode would 

be reduced. Also, the dissemination of the analyte via dense layer of modifying agent 

would be hindered, which prompts an obvious abatement in the sensitivity of the 
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modified GCE. Thus, 10 µL of NH2-fMWCNT/TiO2 NPs suspension was chosen as an 

optimal amount for designing of the NH2-fMWCNT/TiO2 NPs/GCE toward oxidation 

of NF. 
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  Fig. 4.42 DPV of 50 µM NF with different volume of modifier (NH2-

fMWCNT/TiO2NPs) suspension (a) 3 µL (b) 5 µL (c) 7 µL (d) 10 µL 

(e) 15 µL in 0.1 M H2SO4. (Inset, plot of IP versus amount of modifier). 

4.4.4.2 Influence of pH 

The participation of protron transfer in the electrochemical reactions is a good 

evidence of the role of pH in the electrochemical processes. Therefore, investigation of 

the pH impact ought to be carried out. For this purpose, pH solutions within the pH 

range of 1 to 10 were utilized as the SE and variations in current intensity were trailed 

by the DPV technique (Fig. 4.43A). A 0.1 M H2SO4 solution, phosphate buffer and 

acetate buffer were used to prepare solutions of different pH. As can be seen in Fig. 

4.43B, a negative shift in the peak potentials is observable by increasing the pH value 

of solution, which shows the participation of protons in the electrode reaction. At very 
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low pH (from 1 to 3), both anodic peaks are well separated from each other. As the pH 

increases from 3.7 to 5.7, both peaks become unsymmetrical and tend to merge with 

each other. At further higher pH one peak is observed with a new trend as shown in 

Fig. 4.43(A). This break in the pH profile may be ascribed to the pKa value of NF that 

is 6.13289. Ep—pH behavior followed the following linear regression equations: 

Ep (V) = 1.016 - 0.0485 pH; (R2 =0.997)  (pH 1-5.7)                 (4.25) 

Ep (V) = 1.195 - 0.044 pH; (R2 =0.992)  (pH 5.7-10)              (4.26)     

In Fig. 4.43A, it was figured out that anodic peak current of NF decreased with 

the increase of pH, while maximum current value was achieved in 0.1 M H2SO4 solution 

of pH 1. Therefore, subsequent voltammetric experiments were performed in 0.1M 

H2SO4 solution of pH 1, as supporting electrolyte. 
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Fig. 4.43 (A) Anodic DPVs of 25 µM NF solution using NH2-fMWCNT/TiO2NPs/GCE 

in different pH (1-10); (B) Plots of Ep vs. pH. 

 

4.4.4.3 Effect of Scan Rate  

Fig. 4.44A exhibits the influence of scan rate on the electrochemical oxidation 

of NF in the range of 5-100 mVs1. Linear relationship was observed for Ep and log ѵ 

(Fig. 4.44B), which shows the irreversible manner of the electrochemical process for 

NF, according to this equation: 

EP (V) = 0.0739 log ѵ (Vs1) +1.123 (R2 = 0.997)           (4.27) 

 For an irreversible process, by considering α = 0.5 the number of electron was 

calculated to be 2, which shows the involvement of two electrons in the rate determining 

step of NF oxidation on the surface of the NH2-fMWCNT/TiO2NPs/GCE.  

 When the peak current was plotted against ѵ (Fig. 4.44C), a linear relationship 

was obtained according to subsequent equation: 
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           Ip (µA) = 0.319 ѵ (mVs1) + 0.881 (R2 = 0.998)            (4.28) 

This behavior confirms that the oxidation of NF at NH2-fMWCNT/TiO2NPs is 

adsorption controlled. The adsorption characteristics of NF oxidation is further 

substantiated by nonlinear dependence of peak current on the square root of scan rate 

(Fig. 4.44D), which is illustrated from the plots of plots of Ip versus ѵ1/2. The high 

correlation coefficient values of 0.998, in the plot of current versus scan rate as 

compared to R2 values in in Ip versus ѵ1/2 plots suggest that the oxidation of NF is 

controlled by adsorption. 

Ip (µA) = 3.89 ѵ1/2(mVs1)1/2 -8.350 (R2 = 0.982)                  (4.29) 

 The relation between logarithms of Ip was plotted versus log ν (Fig. 4.44E) and 

straight lines were obtained, according to the following expression: 

log Ip (µA) = 0.934 log ν (mVs1)  – 0.349 (R2 = 0.997)          (4.30) 

 The slope value of log Ip versus log ν is near 1 which further confirms that the 

process of NF oxidation on the surface of NH2-fMWCNT/TiO2NPs/GCE is adsorption 

controlled. 
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Fig. 4.44 (A) Cyclic voltammograms of 25 µM NF in 0.1 M H2SO4 of pH 1 using NH2-

fMWCNT/TiO2NPs modified GC electrode at various scan rates (5-100 mVs1). 

(B) Linear dependence of anodic peak potential of NF vs. Logarithm of scan 

rate, (C) Linear dependence of IP of NF vs. scan rate, (D) Linear dependence of 

anodic peak currents vs. square root of scan rate, (E) Logarithm of anodic peak 

currents vs. Logarithm of scan rate. 

 

Electrochemical oxidation behavior of NF was investigated with some selected 

model drugs. Opipramol, gemifloxacine and cetirizine were compared with NF response 

in acidic and neutral mediums (Fig. 4.45). NF has tertiary aniline with two-substituted 

nitrogen atom. One is on oxo-quinolizine other is on hydroxypiperidine ring. NF has 

two response that involve well-defined peak (about 0.9 V) and low intensity wave (about 

1.1 V) responses in pH 1.0 H2SO4 solution. Main peak may be occured from nitrogen 

atom on oxo-quinolizine structure due to resonance of electrons. Second wave response 

may arise from other tertiary nitrogen atom on hydroxypiperidine ring. Cetirizine has 
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piperazine moiety, so that NF and cetirizine nearly same response about 1.1 V with low 

intensity.  

 

 

 
 

Fig. 4.45 CV’s and DPV’s of 40 µM NF at NH2-fMWCNT/TiO2NP/GCE (A&C) in 0.1 M 

H2SO4 of pH 1; (B&D) in PBS of pH 7. 

 

4.4.4.4 Effect of Accumulation Potential and Time 

  AP and AT can enhance the loading amount of drug on modified GCE and thus 

can affect the Ip intensity, therefore the effect of AP and AT on the anodic peak signal 

of NF was examined by DPV as presented in Fig. 4.46A, B and C, D. The anodic peak 

signal of NF was found to increase by increasing the AP, from 0 to 0.6 V (Fig. 

4.46A&B). An accumulation potential of greater than 0.6 V leads to desorption of NF 

from the NH2-fMWCNT/TiO2NPs/GCE, thus, the optimal potential was select at 0.6 V. 
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In addition, the Ipa would be increased by increasing the accumulation time from 5 s to 

20 s. At accumulation time of just 20s, peak current of NF reaches zenith which reveals 

efficiency of proposed sensor (Fig. 4.46C&D). With further increase in accumulation 

time (from 20 s to 35 s as depicted in Fig. 4.46D), the curve tends to become a plateau 

indicating full surface coverage due to saturation of active sites. In view of working 

efficiency and sensitivity, 20 s was selected as optimum accumulation time for experiment. 

 

  

Fig. 4.46 Effect of accumulation potential (A) & (B) and accumulation time (C) & (D) on peak 

current of NF using NH2-fMWCNT/TiO2NP/GCE in 0.1 M H2SO4 (pH 1). 

 



 

126 
 

4.4.5 Analytical Applications  

 Analytical applications of proposed was performed before employ for the 

determination NF in pharmaceutical formulations. 

4.4.5.1 Calibration Curve 

The DPV method was used for the determination of linear concentration range 

and limit of detection value for NF on NH2-fMWCNT/TiO2NP/GCE under optimized 

experimental conditions. The resultant response presented in Fig 4.47A shows that the 

peak currents of NF increase linearly with increase in concentration of NF. A linear 

calibration curve (Fig. 4.47B) was obtained over the concentration range of 5 109 M 

to 5 106 M with a correlation coefficient of 0.997 in 0.1M H2SO4 solution of pH 1.0. 

The calibration curve covers a wide linear range of concentration. The regression 

equations can be represented as: 

IP (µA) = 0.923C + 3.134×10-7 (R2 = 0.997)                                      (4.31) 

The analytical parameters calculated from calibration curve are listed in Table 

4.13. The LOD and the LOQ were calculated using the equations 4.7 and 4.8.  The LOQ 

and LOD were found to be 5.109 1010 M and 1.686 1010 M, respectively. 

Comparison of reported detection limits of studied drug with this work is tabulated in 

Table 4.14. An observation of the detection limits values suggest that our proposed 

method has superior sensing ability than those reported in literature. 
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Fig. 4.47 AdSDPV curves for different concentrations of NF in 0.1M H2SO4 of 

pH 1 at accumulation potential and time of 0.6 V and 20 s, respectively. 

Table 4.13. Analytical parameters for voltammetric detection 

 

             Each value is the main of five experiment. 

Calculated Parameters NF in 0.1 M H2SO4 Solution 

Linear range (M) 5.0  109-5.0 106 

Slope (µAM1) 0.923 

Standard error of slope 0.022 

Intercept (µA) 3.134 107 

Standard error of intercept 4.858 108 

Correlation coefficient 0.997 

LOD (M) 1.686 1010 

LOQ(M) 5.109 1010 

Intra-day repeatability (RSD %) * 1.25 

Inter-day repeatability (RSD %)* 1.87 

Stability after 4 weeks (RSD %)* 1.04 

Reproducibility 

within-day (RSD %) * 

1.69 

Reproducibility 

(RSD %) * 

2.15 
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Table 4.14. Comparison of designed method with the reported method for NF. 

Electrode  Detection 

method 

Linearity  

range (M) 

LOD (M) LOQ (M) Ref 

β-

cyclodextrin/CPE 

DPV 5.0 108-

2.0 107 

  1.0 108 3.3 108 156 

NH2-

fMWCNT/TiO2NP

/GCE 

DPV 5.0 109-

5.0 106 

1.691010 5.11 1010 This work 

 CPE = Carbon paste electrode 

 

4.4.5.2 Repeatability, Reproducibility and Stability 

Reproducibility and repeatability of NH2-fMWCNT/TiO2NP/GCE was tested 

and the RSD values of intra- and inter analyse were obtained. For intra and inter-

repeatability, five consecutive voltammetric response were recorded in three different 

concentrations of NF (after each measurement sensor was regenerated in buffer solution 

through CV) and an average of RSD value is 1.25% and 1.87%, respectively. The 

reproducibility of the designed method for the modified GCE fabrication was checked 

by preparing five modified GCE at different day with the same fabrication method. Their 

RSD values were calculated (see Table 4.13).  In order to determine the long term 

stability of the NH2-fMWCNT/TiO2NP/GCE, the   electrode was stored under ambient 

conditions over a period of four weeks. The NH2-fMWCNT/TiO2NP/GCE retained 

98.5% of its initial anodic peak signal for three different concentrations of NF and RSD 

in Table 4.13 is the average of these three concentration. These findings indicate the 

nice reproducibility, repeatability and good stability of the modified GCE. 

4.4.5.3 Interference Study 

The influence of interfering agents on the voltammetric response of NF was 

probed to observe the selectivity of the proposed method. AA, dopamine (DA), UA and 

some salts such as NaCl, NaNO3, MgCl2 and CaCl2 were individually introduced in 

ratio of 1:1, 1:10, 1:100, 1:1000 into solution containing 20 μM NF in order to know 
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their effect on the oxidation signals of the analyte under investigation at NH2-

fMWCNT/TiO2NP/GCE. The anodic peak signal of 20 μM NF in the absence and 

presence of interfering agents are presented in Fig. 4.48. As can be seen, no noteworthy 

changes in the NF anodic current response were observed under the influence of 

interfering agents. Thus, suggested that the interfering agents did not interfere in the 

designed sensing platform in the analysis of NF and could be efficaciously subjected to 

detect NF in the pharmaceutical preparations along with these interfering substances.   
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Fig. 4.48 (A) Anodic peak current  of NF at the NH2-fMWCNT/TiO2NP/GCE electrode 

in the presence of  (B) AA , (C) DA, (D) UA, (E) NaCl, (F) NaNO3, (G) MgCl2 

and (H) CaCl2 in 0.1 M H2SO4 solution of pH 1 at accumulation potential and 

time of 0.6V and 20s, respectively. 

4.4.6 Practical Applicability of the Designed Sensor 

The applicability of the NH2-fMWCNT/TiO2NP/GCE was examined using 

standard addition method in solution of NF which are prepared by cream formulation. 

In this regard, first of all the concentration of NF in the unknown solution series was 

calculated with the help of standard calibration curve after that recovery experiment was 

performed. For recovery experiment, the NF sample (taken from cream formulation with 

permeation) was spiked with different amount of the standard NF solution and the 

corresponding voltammograms were recorded. Each measurement was performed in 
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triplicate.  Recovery percentages are tabulated in Table 4.15. The RSD values are 

between 1.06% and 1.76% which shows good precision of developed method. 

Moreover, excellent recoveries in the range of 98.5% to 99.6% suggest effectiveness 

and reliability of the designed sensor for clinical analysis in future. 

Table 4.15. Results of the recovery experiment of NF in cream formulation samples. 

Initial found 

(nM) 

Spiked 

amount 

(nM) 

Found 

(nM) 

RSD % Recovery 

(%) 

0 10 9.7 1.29 98.5 

0 15 14.8 1.06 99.2 

0 5 4.9 1.76 99.6 

 

4.4.7 In Vitro Permeation Study 

The permeation data of NF creams (n=3) were plotted as the cumulative amount 

of drug penetrated through the cellulose membrane as a function of time. The slope 

value of cumulative amount versus time was used to calculate the steady sate flux. Fig. 

4.49 shows the curve of the cumulative amount of drug permeated through membrane 

versus time.  

 

Fig. 4.49 In vitro permeation profile of NF cream. 
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The permeability coefficient (Kp) , lag time (tlag) and steady state flux (Jss) of 

NF cream were 1.44  103 ± 0.24 (cm h1) , 2.77 ± 0.45 (h) and 14.46 ± 2.40 

(µg.cm2h1), respectively. Permeation profile of drug relied upon the excipients 

utilized in diffusion barrier and formulations characteristics252. In this study only small 

amount of NF is permeated after 8 h. The results were similar with previous studies290. 

So, it is found that AdSDPV method can be used effectively for in vitro permeation or 

other preformulation studies so as to edify the impact of NF.  
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4.5 Conclusions and Future Prospects  

In the present work a number of novel sensors such as NH2-fMWCNTs, NH2-

fMWCNTs/ZnONPs/GQDs, CQDs/NH2-fMWCNTs/AgNPs and NH2-

fMWCNTs/TiO2NPs, were designed, validated and applied for the determination of 

selected drugs in dosage formulations, human urine and serum samples. NH2-fMWCNT 

and their nanocomposites acted as efficient electrocatalysts for the detection of 

pharmaceuticals. The current enhancing performance of the modified electrodes was 

verified from the improved interfacial and surface area properties obtained from EIS 

and CV experiments. The surface morphologies of the modified and unmodified GCEs 

were examined using SEM and EDX analysis. The role of recognition layer in 

enhancing the electron transfer rate was ensured from differential pulse voltammetry. 

The results obtained from DPV showed good agreement with those obtained from EIS 

and CV experiments. Conditions such as pH, scan rate and supporting electrolyte were 

optimized to get the best current response of the selected drugs. The electrochemical 

oxidation and analytical detection of Entacapone were studies at NH2-fMWCNTs/GCE. 

The results revealed that NH2fMWCNT/GCE has a high sensitivity for Entacapone with 

LOD value of 1.4510-11 M under optimized conditions. The designed sensor NH2-

fMWCNTs/ZnONPs/GQDs/GCE was used for the detection of Pimozide. The LOD 

(1.0211 M) of Pimozide obtained at NH2fMWCNT/ZnO/GQDs modified GCE 

was found much lower than the reported LOD values for Pimozide. The ultra-sensitive 

detection of anti-HIV drug Rilpvirine was made for the first time by using 

electrochemical nanosensor based on CQDs/NH2-fMWCNTs/AgNPs/GCE. Two 

oxidation peaks were observed for Rilpvirine. The LOD values were found to be 3.00 

1011 M and 6.40 1011 M for peak 1 and peak 2, respectively in 0.5 M H2SO4, which 

demonstrated excellent performance of the designed method for the detection of 

Rilpvirine. Moreover, voltammetric determination of Nadifloxacin was performed at 

NH2-fMWCNT/TiO2NPs modified electrochemical sensor. Under optimum 

experimental conditions, the Ipa of Nadifloxacin was observed to be linear for 

concentration range of 5.0  109 - 5.0  106 M, with LOD of 1.69  1010 M.  
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The results revealed that the nanomaterials modified GCE under optimum 

conditions can lead to very high sensitivity for the determination of pharmaceutical 

drugs due to the electro-catalytic performance and high electro-active surface area as 

well as their synergistic effects of the components of modifiers. More importantly, the 

developed sensors exhibited excellent selectivity and maintained their robustness even 

in the presence of higher concentration of interfering agents than the analyte. Finally, 

the analytical applications of the proposed sensors were checked in real samples and 

pharmaceutical dosage forms with high recoveries, thus, suggesting practical 

applicability of the proposed electrochemical sensors for real sample analysis. Hence, 

the robust surface modification procedure, simple and environmental friendly working 

conditions, the requirement of small volume of test samples, excellent sensitivity, 

selectivity, precision and accuracy makes these nanosensors as an ideal sensors for the 

direct detection and determination of selected drugs in biological samples and dosage 

forms. The current work is anticipated to contribute in filling the gap in the research for 

determining the selected drugs using carbonaceous materials, metal and/metal oxide 

nanoparticles and quantum dots based nanosensors. Additionally, novel sensors 

designed in this work can be utilized to evaluate the quality of drugs in order to have a 

better therapeutic effect. These analytical sensing tools can also be used to monitor the 

therapeutic level of drug concentrations in biofluids of patients in clinical medicine to 

inhibit toxicity due to overdose.  
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